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Oic effects of monochromatic ultrasonic wanms of 0 1, 0.S, 1.0, 

!.0 and, 1,3 MLx frequency on the colony -forming ability of mmroalian 
walls (NS- 1 1 V79, Chant's rod T-l) cultured in vitro have been studied 
to dstenaine the nature of the action of ultrasonic energy on biological 
fviteas at the cellular levo!, The coN>i' effect of ultrasound and 
' rays has also been studied. 

The following aba< ‘Vet ions have been node 

M) The survival curves, in contrast to those for ionizing 
radiations, are nearly iogarithauc; but the slope of the line decreases 
with increasing dose. 

(2) The lethal effect* are dose rate dependent and have a thres- 
hold dose rate. 

(3) Different cell lines show slightly different sensitivities. 

(4) Thr shape of the tuwival curve for different frequencies 



(3) Microscopic examination «ho*s that cells exposed to«C.$, 

1.0 or 2.0 4lz appear similar, ‘hcroscopic appeairoce of cells exposed 
to 0.1 or 3.3 h#n is also similar; however, it it different from that 
of cell* exposed to 0.5, 1.0 or 2.0 Wg. scanning electron micrographs 
of MS-1 cells eqwscJ to 1.0 W: show characteristic bu^y outer «ur- 
face toavared with the smooth outer surface of unexpofed cells. 

(0) for M3-1 cells, 0.5 'Hi is found to he the most effective 
of 0.5, 1.0, 2.0, rod 3.3 Mix freqtencies. 

(7) Dose fractionation shows that exposure to ultrasound sensi- 
tizes the cells to si4>*cqurnt ti atmrnt, in contrast to the effect of 
X* rays . 

(1) Cells in M rod G1 phase are more resistant thro those ir. c 
phase, in contrast to the effect of X-rays. 

(•) The ie is a sisal 1 synergistic effect between ultrasound .end 
X-rays. The degree of synergism depends on X-ray «V*e rod the timr 
interval between treatments, rod is greater wher. rltrasouul follows 
than vhen it precedes X-ravs. 

It is concluded that: 

(1) Ultrasonic irradiation reuses both lethal rod siblethal 

damage. 

(2) There is s threshold do‘j rate for lethal effects. 

(3) The ei fectiveness of ultrasonic waves in causing cell death 
probably depends on the frequency rod the amplitude cf the waves for 

s given cMl line, indicating a possible resonance phenoairnon. 
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N) The lethal offsets are not due to cavitation because the 
^tensities used are much lower than those required to produce cavita^ 
tion, nor are they primarily due to temperature because they are 
observed even when the temperature does not exceed 37*C. 

(5) There seen to be two mechanisms responsible for cell death; 

•t 0.1 and 3,3 Wz, cell death probably results from coagulation of 
protoplasm; but for 0.5, 1.0, and 2.0 Mix, the primajy cause of cell 
death seems to be damage to the cell membrane. 

( 6 ) Synergism between ultrasound and X-rays may be due to an inter- 
action between the nuclear damage caused by X-rays and the damage to the 
cell membrane caused by ultrasound. 
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* General Remarks 

Studying the effects of environmental factors on biological 
system* has become increasingly important in this day and age, as the 
^ wry existence of life on this planet— soao would have us believe-* is 
threatened by man's interference with the ecosystem of our earth. TWs 
such environmental factors are sonic vibrations and ionizing radiations. 
The effects of ionizing radiations have been extensively studied, but 
little werk has been done on the effects of sonic vibrations on living 
systems. 

Sonic vibrations of various intensities and frequencies are pro* 
duced all around us, either deliberately for a specific desirable effect 
or as "pollutants"- -an undesirable byproduct of an industrial society. 
Using audibility by the human ear and frequency [the number of complete 
oscillations executed by a particle in unit time) as the criteria, we 
can classify sonic vibrations into three categories: 1 

Cl) Aujlofrequencles , This is ?he range of frequencies that can 
be heard by man. There are individual venations regarding the lower 
* and upper limits on the range of audit frequencies, but commonly the 
range is taken to be from 16 Hz to 16,000 Hz. (Hertz, which is abbre- 
viated Hz, is the wit of frequency ana is defined as 3 cycle per second; 
KHz *10 3 Hz and MHz * 10 6 Hz.) 

(Z) Subsonic frequencies , These are frequencies from 0 to 16 Hz. 


m.tojwuvr l v»n ml SC VM’I#* l t4i* I IVq’JWK **»* 

16,000 Hz. The upper limit for ultrasonic fmuenues is *et at atound 
500 KHz by practical limitations of the generators. Frequencies above 
15 MHz are sometimes referred to as microwave ultrasonic frequencies 
because at those high frequencies, even though partule vibration is 
still being produced, the very short wavelengths tend to make the waves 
behave like electromagnetic microwaves, 

B, li terature Review 

Iangevin, around 1920, was one of the first to ohser.e the lethal 
effects of ultrasoisid on living organisms. * During hr. investigations 
an the use of ultrasound for submarine location, he noticed that small 
marine organisms that wandered into the path of his heart were killed 
rapidly. Because of this, the idea of using ultrascsid h$ »ieath*ays 
was considered; hut it was not seriously explored. 

Since then many studies have been made on the biological effects 
of ultrasouid; and today ultrasound is used extensively in biology, 
medicine, and dentistry. 

Ultrasound has been used for such diverse purposes as the produc* 
tion of liolograms, 3 ' 4 the removal of bacteria contained in a milk film 
fixed on metal furfaces; 6 the determination of bod/ tissue tomjKNitiun 
in slaughter animals, 614 the treatment of wine to mprtw *ts bouquet 
and taste, 16 the treatment of tarn crop seeds to obtain better yield, 16 
and the treatment of menstrual disorders in women, 17 But Die primary 
application of ultrasound in biology has been for the breaking down of 
cells and the preparation of cell fractions, such as enzymes, to study 
metabolic pathways and to investigate localization of cell components 
within the cell. 1 ®** 6 


C t«* t mv whs vi ultrasound parallels the use of X rays 41 
therapeutic uses of ultmound, as in treatment of Meniere *s ami 
Pirkinaorj** diseases, generally requi,* high intensities, while low- 
intensity ultrasound it used in diagnosis to obtain "echograM", i,e., 
visual of objects arising from inbomogeneties in acoustic absorp- 

tion. At intermediate intensities, ultrasound is used in physiotherapy 
(diatheny), mainly as a source of heat. 

In dentistry, two frequency rnges are used: the low frequency 
range (20 to 30 KHr) is used mainly for mechanical processes su<h ss 
cleaning and drilling of teeth, peridontal prophylaxis, and amalgam 
packingj the high -frequency range (500 to 1,000 KHz) is used them 
peutically in the treatment of clinical conditions such as pulpitis, 
post^ext, 3 action edema, and neuralgia. 22 

The biological, medical, and dental applications of ultrasound 
•re reviewed by Newell, 21 Kelly, 23 ' 24 Fry and Dunn, 25 Crossman et al, 26 
Goldberg and Strim, 27 Brown «nd Gordon, 28 and Hill. 29 Hie physical, 
chemical and biological effects of ultmound are described in detail 
by El'piner, 30 who has also reviewed the literature extensively. The 
work relevant to the biological effects of ultrasound at the cellular 
level will be desci xbed here. 

Following the initial observations of Langevin, Wood and Loomis 31 
in 1927 reported the rupture of Paramecium and Spmgyra in an ultra* 
sonic field; and in 1932 Harvey and Loanis 32 took einephotomierographic 
pictures of sea urchin eggs contained in a drop of liquid and exposed 
to ultrasonic waves; they observed that cell rupture required less tnan 
1/1200 sec. 


These early reports des* ribfu mamlv the total druntrgr * 

non of a large variety of unitelluUr and invertebrate organise, 
tore subtle effects have been observed sime then. Schmitt 33 in 1929 
observed rotation and fragmentation of the nucleolus of Aa tan as eggs . 
feindt 34 reports that Paramecium exposed to low ultrasonic intensities 
performed rapid circular motion whic h slowly stopped, the outer meso 
hrane becoming detached and bursting, releasing the cytoplasm into the 
outside mediur. 

Hyer and ^boiy 35,Vl observed complex patterns of ordered motion 
of intracellular inclusions in individual < ells of plants when high 
frequency vibrations were applied to selected regions of the cell wall. 

•tj 

Hughes and tyborg f exposed suspensions of fresh erythrocytes in 0.91 
saline to vibrations of 85 KHz frequency and 0.05 to 5 u amplitude hy 
dipping a vibrating needle into the suspension, and observed the cells 
in a microscope. They found that under a variety of conditions the 
cells were readily damaged, the mwther of damaged cells increasing with 
increasing amplitude. Huspensions of the protnzoon Tetraliymcna 
pyrifor m is were exposed under the same conditions; and, depending 
mainly on the amplitude, effects ranging from temporary inhibition of 
motility to candle to disruption were found, by cincphotomiciugraphy 
tlie experimenters noticed that the cells became violently distorted 
as they entered the region of highest streaming speeds r«*ar the tip nf 
the needle, and the contents of the cell moved in a circular manner 
relative to the cell motion. When suspensions of F.. coll in water or 
in 0.91 NaCl were treated similarly* Hughes and NVhorg observed many 
empty cells with significant amounts of protein released from the cells. 



*fc-wrver, they found that bacteria are more resistant than erythroi ytes 
protozoa* They ascribed the damage to shearing due to streaming 
actions and not to cavitation, which is the formation of vaculolcs in 
« liquid exposed to sonic vibrations. 

4 Wilson et al. 38 reported that ultrasound of 85,000 Hz applied to 

the surface of egg cells of marine invertebrates produces rotation, 

* translation, deformation, and fragmentation of the nucleoli; rotation 
md deformation of nuclei; acoustic streaming of nucleoplasm and cyto- 
plasm; deformation of the cellular surface; and fragmentation ot the 
cell. 

According to El'piner 30 the action of ultrasound on microorganisms 
is of a complex and diverse nature. He rules out temperature as a 
primary factor in many of the effects of ultrasound that have been 
observed in microorganisms and says that the bactericidal effect of 
ultrasound is duo primarily to cavitation in an aqueous medium. Dif- 
ferent bacterid differ fir* one another in their sensitivity to ultra- 
soind. It is believed that the size and the shape of the bacteriun is 
a significant factor in the differential sensitivity of microorganisms 
to ultrasound. 

For viruses, too, the sensitivity to ultrasound depends on the 
structure and size of the virus particle. El'piner et al. have shown 
that ultrasound produces distinctive disturbances in the structure of 
phage T-2, from which they were able to judge features of the morpho- 
logical structure of this phage, Of the seven T-phages active against 
g. coll , T 2# T 6 and T g are more sensitive to ultrasound and also 
to %* rcy?*, ultraviolet light, and radioactive phosphorous as compared 
j|xth Tp Tj and which are more resistant to ultTascund and also to 
fk» other physical factors mentioned above, 38 


Kudo and Dworkin 40 studied the resistance of vegetative 
and microcysts of Myxococcus x a nthu s, They found that the miennysts 
were 19.3 times as resistant as the vegetative cells and that the resis 
tance developed during the conversion of rods to refractile spheres. 

Ultrasound does not seem to cause coarse mechanical breaks in 

yeast cells even after prolonged irradiation at high intensities 

(El'piner 30 ; Martins et al. 41 ). bependm rind Ustinova 42 report that 

Bcl'kevich et al. found that the greatest destruction for yeast cells 

41 

occurs at a frequency of 400 KHz; but Martins et al. found that for 
inhibiting colony formation in S. cerevisiae (strains BZ34 and X841) 

1,0 Hlz is the most effective of the following frequencies that were 
tested: 0.5, 1.0, 2.0, and 3,3 Mfz, 

The role of ultrasound as a mutagen is discussed by Gordon, 43 
He says that ultrasound produces both structural and gene mutations 
and that a number of authors have found that ultrasound is able to 
cause breuks in chromosomes and in single chromatids, but chromosomal 
rearrangement or recombination has not been extensively reported, A 
doubling of the chromosomes to form polyploids has also been reported, 
Gordon considers three possible mechanisms for the mutagenic effect of 
ultrasound: high pressures and accelerations causing movements within 
cells, generation of heat at points, and cavitation. He concludes 
that although there is much evidence to the contrary cavitation is 
probably the cause of the mutagenic action of ultrasound. However, 
the observations of Martins et al. 41 on the ultrasonic production of 
"-Arg reverse mutants" in S. cerevisiae indicate that the increase in 
reversion mutation frequency was not caused by cavitation, 



'tudirt on the ^normal tarvon'c 4 vr I <*sarrt in frrPMyhi la 
*‘*PMP***1 imAmed by ultrwU trtitMnt of the egg* at the ivik^tial 
Mesoderm a tag* at | l#4r with 0.1 to 0.1 i/c»‘ for 10 toe are reported 
hy IoImo and Comet 44 Kirsten, Zinsser and Kled 4 reported that 
•dmJe ho^r irradiation of lal ( nice at ) *Hi frequency for 3 min both 
lOitinnaljf h suites ( intent ity 1/? to 4 l/<p*) «*td not produce 
genetic dmsege (average litter site heir* the criterion used) in those 
•ice that were ’Siaffected by the sanitation (no skin hum) srfien these 
aert bred brother cross-sister fur all litters. 

Stimulatory effects of ultrasonic »am were first reported by 
htiBtni and (totrosvfcli. 4 * They foutd that ultrasonic treatment of 
potato seeds increased the weight of the ttd>ers and reduced the weight 
of the leaves Stiauletovy effects of ultrasmnd m the germinstinn 
of seeds and <n produtivity of fodder beans have been reported by 
tohtsova. 16 while Natmugh et al . 47 fouid that ultrasouid caused a 
reduction In the growth rate of seedlirm* of Vicie 

(kservations on the effects of ultrasonic waves on metabolism 
and un eidxr.cvotcopic structures of cells and tissues in animal organ 
imm have also been reported. Jmtkowiak et al. 48 fouid mi increase in 
the KNA cent ant of ultrasonically irradiated rat liver cells and a 

reduction of the (NA content of the same cells. 

49 SO 

hums, * in his work on S accaroayces cerevisiae at sid> lethal 
loses of ultrasouid /reqimncy 10 KHz), fouiu inhibition of biosyn- 
thesis during sonicatian, synthesis being resuard inpiediat^ly after 
the sonicwtor was turned off* Ultrasouid also inhibited protein syn- 
thesis and caused leakage of free histidine, hut these effects were 
not unediately reversed when sonication was stopped. Uptake of 


anmi# ion and adenine or purine nucleet:des Is uuffevted, hut »g» 
take and/or retention of crp.it ite is reAxed. Mr believes that ultra 
soutd caimes dis nation of the - ig» nmole cular organization of the cell* 
particularly *he cell menf rane , tasking it more pemed»le to certain 
kinds of %mk\\ molecule* but not to other kinds of small molecule* or 
to large soleculet. 

Uityushin and fl'ptatr 8 * have observed verv si#tlr changes in 
the ul t r. is t natural or gam tat ion of the e rgaa top 1 same reticuta, the 
mitochondria, and the nucleus of thr cells of Irllch ascites carcinoma 
exposed to ultrasound of 100 101; frrqmncy for 10 «m at IS b/<» 2 
iittaol.y. 

Slmrinski ’* studied the effect an the iodine mrtmiollsm in guinea 
figs exposed to ultra* maul of 100 KHz fraqurwy at an intensity of 0.1 
to 1 b/cm* for 1 to 30 tune* with each exposure of 10 min. Me conclude* 
that ultrasound stimilated or depressed thyroid taction depending on 
the dose, lb also observed morphological charges such as diminished 
nuclear vol ime and a lowering of the height of the alveolai epithelur 
In the exposed thyroid gland*. htictional and mirpholog ital Juries 
in the thyroid gland are reported alto by Mratdira et *1. who exprted 
rabbits t> ultrasouid of 100 Mix frequency at 1 and 2 */<* ? intensity. 

Valtonen SS studied the effect of .Injvnxid of 1 k#iz frequency on 
the fine stru .re of the liver parenchymal cells of mice whg„ the ultra- * 
souul waa ipplied to the »pper abdomen. The appearance of the liver 
cells ranged frum nearly normal (intensity 1 W/a* 2 for 1 min) to com- 
plete loss (coagulation) of the fine structure of the cell orgwiellet 
(intensity 3 * /on" for * min). Me also describes a histological method 



•:t measurir* the influence of ultrasonic energy on living tissue 
jdtr experimental conditions. It depend* on the observation that the 

mai>er of injured mist cells in the mesentery of the rat is prepor- 

S6 

t tonal to th. spited ultrasonic do»c.' 

Rasurwnova ot al.* 7 noticed chan*.* In the fine structure of 
the brain nerve cells of Hv.lophor. cecropia (a caterpillir) when the 
Otole body of the larva was exposed to ultra* and (7t>0 Bit, at 2 to 
J »/«»*)• 

Ultrasonic treststent of rabbit testes at 2.2S Hit frequency and 
j ji/cm 2 intensity for 2 to 10 min produced no noticeable structural 

eg $9 

or functional changes as stated by Kahn and Foote , but Andrianov 
not iced signified histological, histochemcal, and ultrastructural 
chatg-t in the testes of albino rats exposed to ult rescind of BOO ♦ 10 
IHz frequency md 0.2 W/cm 2 intensity. These changes were most pro 
mouiced 24 to 72 hours after the ultrasonic treatment, and the testi- 
cular structures tended to return to normal a month after the treatment. 

Covicb and Ts cicada 60 fouid that ultrasonication (at 27 I0U) of 
ooepormigial walls of Chara zeylanlca separates the inner and outer 
wall but does not alter the internal cell morphology, however, a 30 -min 
exposure erodes the papillae. 

Kovalev 61 fa,W has studied the effect of ultveaouid on brucella 
mid repons temporary cheiges in the physiological properties foliating 
g sirgle exposure; but continued exposure produces progmv y with altered 
properties, the propenies of the original culture being restored foliar- 
mg repeated culturing. 


Kleimenov 6 ” has studied the effect of local mid general ultrasonic 
treatment on antibody titers and interrelations hetveen sens* proteins 
in rabbits. H? observed inhibition of production of precipitirm but no 
effect on agglutinin synthesis in idiole body irradiation. Local ultra- 
sonic irradiation of the lymph nodes resulted in a marked decrease of 
the titer of agglutins to E. coll when the Utter were injected below 
the site of the ultrasonic application. 

The effect of ultrasouid on muscle fibers has been studied by • 
nimfcer of investigators following the pioneering work of Oimben wid 
Harvey M Ultrasonic waves affect the morphology as well as cause 
tat le changes in the biocatalytic taction. 

Sht rankfel *d et al. 64 have studied the effect of high intensity 
ultrasonic waves (400 IWz, at 10 to 12 W/cm 2 for 30 to 300 min) on G- 
and F* act in proteins in solution. Exposure to ultrasonic waves leads 
not only to a ’’loosening'’ of the polymer structures of F-actin but also 
to more significant changes affecting G-actin which is involved in the 
formation of the polymer molecule of F-actin. 

Ravitx and Schnitzler 6S observed changes in the fins structure, 
particularly the mitochondrial cristae and the amponants of the * artD . 
taular system, in frog smsitendinosus muscle fibers followii* highly 
localized ultrasonic treatment (8S KHz) at mtansitita that ruled out 
thermal effects and cavitation. 

The effect of ultrasouid on cultured nammlian cells hat been 
imported recently by Clarke mid Hill. 66 They report that the intensity 
threshold mid intensity optimal for cell disintegration occur at *out 
1 and 5 W/<m 2 . They ^served mi anomaloua dose- rate effect mid fund 



th*t the nwdnjs exerts a chemiprot* t ive tfftct on the col It. !K wy 
alto studied tht effect of u!trumnd at a taction of tht coll 
crcio and report that col la in Mphme art nove sensitive than tht 
average populatlui.* 7 

Hit cuoftnntd tfftct ft of ultresouid and othor physical and ihenicel 
factor* havt boon studied in several systems, 

Zapf* 8 observed that ultresouid enhance* tht morphological change 
produced by ponicillin in E. coll. El'pinar™ roporta that B. coll 
brant* ooro tanaitive to ultraviolot light if It la eiqioeed to ultra 
•ouwl btforohand or simultaneously. Garina* * roporta that prolimnary 
ultrasonic treatment of a porta from vartoua Actlnc^rcete atraina 
increased tht Itthal and outcome effects of U.V. radiation. Avakyan 15 
laport* that conbintd troatnant with ultraviolot and v’trasouwl la 
hotter *han either aoparato troatamt in lag) roving tht houitjet and 
taato of vine. According to Spring, 70 radioatnaitlvity of biological 
•atonal (atoda of grata: Loll us Itallcim ) nay bo inertaatd by tinul- 
taneouft ultrasonic and y radiation. 

Ootbor 71 ha* observed a ayntrgiatic offoct between ultraaoioid 
md X-rays in tht rogroaalon of Nalker carcinoma in rata. Martins ‘ 
has '.,)%e rvod a ayntrgiatic effect between ultraaoioid and X-rays on the 
colony forming ability of cultured n a wn a l lan ctlla. 

Clarke of al,, 75 however, did not abatrve any avnorgiatic offoct 
between ultraaoioid and X-raya In lymphoma ctlla. Also, Repacholi 74 
ftatea that the offoct of cabined ultraaonic and X-ray treatment on 
the electrophoretic nobility of Birlich ascites tumor colla was additive, 
rather than ayntrgiatic. 


C. S tataeunt of tht Problem 

hror alnct Puck ^ and hit co worker* developed a technique for 
culturing tingle aanaliai colla in vitrr . that technique hat boon tned 
extensively to study the biological effects of various envl rommntal 
factor*, particularly ionixing radiation*. 6 These fttudiea give valu- 
Ale infonastion about the nature and the mechanism of the action of 
such factor* at the cellular level «id help in the evaluation of dw> 
effects at the organi«nal level. AJthourfi ultrasound is used eaten 
sivtly for vaiioua purpose* in industry, biology, nedicine, and den 
tlatrv, only limited and rather controversial work has been done to 
study the nature of Its effect* and the mnhani ns of its action at the 
cellular level. 

Thi* investigation dealt with the effects of ultraaonic waves 
on the colony forming ability of nanaalian cells cultured Ui vitro. 

The *tudy was done to obtain the following information 

(1) The nature of the dose response curve for naemalian cells 
cultured in vitro . 

(2) The dose rate effect and the occurrmn* of threshold. 

(S) The effect of dose fractionation 

(4) The sensitivity of different cell lints to a given frequency. • 

(5) The sensitivity of a given cell line to different frequencies. 

(6) The influMice of certain physical and biological factor* 

(such as toperature, presence or absence of nedius different stage* 
in cell cycle) on the »en*itivlty to ultraaoifid. 

(7) The combined effect of ultrasound and X-rays. 



(!) The nechani am of the action of ultrasound. 

Host of the experiments were done with Chines* hamster bone 
marrow ceils (M 3 1) at 1.0 Mi frequency. The experiments with other 
cel 1 lines [huxan kidney (T*l), htmun liver (Oiang’s) and Oiinese 
hmuter lung (V79)h were done to ampere the sensitivity of different 
ceil lines to a given frequency. The experiments at 0.1, 0.5, 2.0, and 
5.3 Mi , and at the audio froqimncies, were done to cohere tht sensi- 
tivity of a given cell line to different frequencies. 


II. PHYSICS OF ULTRASONIC BA, IS 
A. General Principles 

The physics of ultrasound is treited extensively and thoroughly 
by teyer and Letcher, 14 llitt, 12 Cranford, 1 Richardson and brown, 81 
Ur^rnm. 71 Ural,* C,rlin. 2 Kmil'iukov. ,S md oth,r». 7,,M 
references also describe the methods for the generation of ultrasound, 
and techniques for its measurement. The latter are also described by 
Fry and Fry, 16 Newell,* 7 *nd by Hill.** The physical aspects of ultra- 
sound which are of Importance to biological studies are discimsed by 
Fry mi Due*, 25 by Brown rnnd Gordon, 2 * mnd by Peacocke mnd Prichard. 85 

Sound is a wave motion. It is caused by the vibrations of the 
particles of s nedivjs which has been disturbed. Sound waves differ 
from electromagnetic wave* in that the latter can be propagated in 
vacuus. Nave motion way be classified in different ways dapendirng on 
the criteria one chooses , thus it nay be: 

(1) Pure if it is produced by a source vibrating with a single 
frequency, or On lex when the wave notion is the resultant of a ranker 
of frequencies. 

(2) Continuous when the wave notion if regular as in s mm i cal 
note, or Discontinuous as in an explosion. 

(5) Longitudinal (L-wave) when the vib.mtions of the particles 
are in the direction of propagation of tht wave; Transverse or Shear 
(S-wave) when particle vibration is perpendicular to the direction of 
wave notion; or Surface (Rgylaigh wavaj »4un the wave is prop*ated 


• .«•••%* ■ * wHMi *1.1 *«*•* *r* Utf Mil Of th# *#dlim htl» tto 
turfite Ghly longitudinal w«ws cat b# prtpagat#d ill fluids , whil# 
(mivtrM to RayUi^i mm can t rival only in to 1 Ida. 

(4) (to th# biait of the nature of the mvi front (tha ending 
turfaco of IK# advancing wev#), ttom art plant, aptotic*], and 
cy lindrical waves. For plan# wevwa in# team# of aound K*a a plan# 
turtle r and th# wav# front la planar, When th# aound aourc# it a point 
aourc#, tli # wav# front cloa# to tto aourc# la aptotic*] and aptoruai 
»av#a ar* propagated, If th# aourc# of toto it a rod, th# wav# front 
It cylindrical, giving ria# to cylindrical wavoa. 

Ito tonic wavoa ua#d In thla study art pur# planar longitudinal 
vavti described an th# noJel of a aUg>l# alnuaoidal harmonic option 
(Fig. 1). This la dtfinod wt that not lor along a lln# for toch th# 
acc#l#ratlun of a body towards tan# fl*od point on that lln# van#a in 
proportion to th# dtsplecammt of th# body m*av Iren that point. 



Suqd# ha manic wot lor la charact#rti#d by th# following 
pa rosters 

(1) T in# poriod (T) th# tint taton by th# part I cl# to collet# 
a airtgl# vibration. Th# igit for T U aoc. 

(2) Fn gurn ey (f) th# motor of vibrations collated in on# 
second. It la abviotm fraa th# d#fin«tiona that f • 1/T. Th# alt of 
frequency la th# H»rtr which la d#f'.n#d aa an# cycl# per aoc. 

(5) Displacement mmlitud# (A): th# naiima displacement of 

tha part id# f row Ita poaitusi ot r#at . Th# diaplac#n#nt of a partlcl# 
in rotation to tin# t otoya a *i n# 1* y • A a in 2 aft. 

(4) v elocity ^litudr (# 0 ): th# naxumm velocity of th# 

particle, obs#rv#d aa th# pmlcl# paaa#a thr™«h ita initial poaltian 
of r#at, Th# vibrational v#loclty of a partlcl# la giv#n by 

v • dy/dt • 2«CAcoa2vft If A • Corn tut 
v 0 • 2«fA ( cos2rtt • 2n« • 1) 

(I) Soto velocity (c): th# diatanc# travalad by th# wav# in 
ait tin#, For tases c • • FT tore P • >r#*surr, 

p • dm airy, y • c^/Cy It th# ratio of th# specific h#at *t constmt 
pvoaauro (c^j to *h# apocific bait at const mt voluc# (Cy), M is tto 
nal#cular might, R • gas constant, T • tot. ta^nraturo. For liquids 
c , where 0^ • adiabatu c<ag>r#ssibillty , 

• u • isothonaic rnqirrtsihilttv, 4 • -I'V dv'dr For soli dr c 
tom E la the Young’ % moduli*. 

(6) Wav# length U): la th# diatanc# between two consecutive 

troughs or croata md is defined by th# rolatioi. c • f*. The cant for 
wav# length is th# cn. Sine# th# fraqumey of seto wavoa la determined 
by th# aourc# of th# vibrations md bocaua# tto velocity of 
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>?jnd has a characteristic value for a given media, it fellow* that 
>gn sound travels fro* on# ne^iua into another only the wave.ength 
will change if th# adjoining tola diff#i fro* on# another an regards 
tha velocity of sound. 

(7) Intensity or toergy : ton a soto wav# travels thrnjgh a 
toil*, there la no actual movement of a particle in the toiua awa 
:rr» th# aourc#; th# notion is entirely vibrat'.jnal about a fixed 
point, but there it transfer of energy may iron th# aourc#. The 
motet t of energy carried by souid vibration* in 1 a#c through an area 
I cm 2 perpendicular to the direction of propagation determines th# 
strm*th or intenaity of tha soteid. For a pi me progressive sine rave 
th# sotevd intensity I • P*/2pc tor# P is th# acoustic pressure or th# 
aacoat pressure created by th# propagation of the wav#, over md above 
tto moan pressure in tto nediua. Acoustic pressure it related to th# 
rib rati an*l velocity (v) being equal to vpc tom pc it th# specific 
or characteristic acoustic uqmdanc# of th# media. 

Soto intensity is measured in Wet c/cm 2 or org/soc-as 2 (1 W/cm 2 • 
10 7 erg/ sec- cm 2 ) . Another tot carnally used to express intensity of 
acoustic energy is tto decibel which is tan time th# logarithm (to tto 

• baa# 10) of th# ratio of a given sound intensity to a rvfomnc# (thres- 
hold) intensity. The threshold intensity usually chosen is 10 16 W/cm 2 

* which la tto intenaity of soto dot# tn tto threefold of audibility 
of tto ham ear. A aound intensity of 10‘ 2 W/cm 2 (140 A) produces a 
strong sensation of pain. The intenaity of novmal conversational 
tfmek L 60 <t> (io* 10 M/a 2 ). 10 


TV displacement aaplitudr (A) of a particle if related to th# 
intensity of souid aa follows i 30 

2HA 

vpc • 2w£Apc • 

P 2 /2pc; I * 4 i^I Ci- - 2* 2 f 2 A 2 pc . 

2pc 

Soir J fees not pass through a vacua, so for the propagation of 
soto wave- it is aaaential to have a nadiim. In diseasing the inter- 
action of *oto waves with th# adiim we will confine oursclvva to 
plan# longitudinal sin# wavoa incident at normal mg la, such ben* th# 
case in our experimmtal set iq>. 

A souid wave may toergo my on# or nor# of th# follow^ types 
of interactions with th# toiua absorption, reflection mid transmission, 
standing or stationary waves, msanmee, diffraction, scattering. 

(1) A bsorption , ton soto waves travel through a me inn, there 
is a conversion of son# of th# acoimtic energy into other form of 
energy, primarily heat energy. Tha lots of acoustic rniergy is exp ms ami 
in forms of th# fosorption or attenuation coefficient <a given by tha 
following rslat ionship: 

A • A 0 #‘®* or 



tom A 0 and * 0 am the amplitude and intenaity at any given point mid 
A to I am tto oplituds and intensity at a further distance x. 


v • 
P • 

But I • 
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The various mechanimi mponiibl# lor absorption oi jm> 
t# dasufied into two general lategorie* «} vi*c<*Mty or factional 
lag and b) relaxation pmnni MKlcH refer to the thermal and etna 
tural reorientation of tha molecules* Tha exetf m*cbm\9m 2 taking to 
absorption of a Kxnd wive in • mednm, rod particularly in umpiex 
biological media, are not fully understood 

(2) Rifloctum and Transmission 


Tha transmission irt»t 



The reflection iotlfi* lent 



i ntoy 1 1£ a i f rani* it > td *_•*» 
Intensity of smident wave 


Intensity of ; rrfiot tad wiva 
ifrn>*>v >>l *m i4ant wav* 


Inc i dan t wave 

Transmitted wave 

Reflected wavt 
Medum 1 Madlum 2 

Figure 2 

Hm a plana wave is incldrot at a normal angle to 4 pl«m# 
boundary soparating two madia, (1) aid (2) in Fig. 2, soma of tha 
energy of the incldant baaai is raflactad rod the remainder i* trana 
nit tad into tha aacond rodlim. Tha relative aroints that are raflactad 
aul trroroitted am dot awdned by tha reflection rod transmission 
coefficients , which depend on tha specific acoustic impedance* oi 
tha two madia, 2 * 


for a given boundary, 

« t ♦ « r » 1 

From tha above aquations one can sea that since gate* have vary 
lev ehamterist*, wpedam**, alwet 100% reflection and practically 
no transmission will taka plot** at a boundary between a gas rod a solid 
or a liquid, this property is utilized in the detection of Hubbles in 
uiiuut biological systems. 

The efficie.icy of the transfer of sound energy from one material 
to another, as expressed by the trroamusion coefficient, j\ knewn as 
the degree of acoustic matching or coupling. Where » t is v#*rv low tha 
twf/ madia are poorly matched, but wheie is sufficiently mijh fur 
ttere to be a loss of only a taw daubals Uor example, a value of 
about 101), tha media are said to be well matched. This property l* 
used to obtain 'bchog rams" rod detect tumor*. 



Tha presence of intervening media creates difficulties since 
-uch depends on the thickness of the intervening layers as well as on 
their character atic impedances. The resultant value of the trans- 
mission coefficient may not necessarily be obtained by multiplying 
together the coefficient for each of the boimdaries, 

(3) Stationary or standing waves , Wien the reflected waves 
fonn a continuous beam, they will interfere with the incident waves 
rod give rise to stationary or standing waves. In practice, for any 
finite sized median we always have stationary waves. In contrast to 
standing waves, we have progressive waves, for which wave motion is 
in one direction only. 

(4) Resonance , This occurs when the length of the medium has 
a certain value related to the wavelength of the sound within that 
aediim, Thus we have half-wavelength or quarter-wavelength resonance, 

(5) Diffraction . A parallel beme of sound waves leaving a 
plane surface will remain parallel up to a certain distance and Jien 
diverge. This phenomenon is known as diffraction. It can be shown 
that within an approximate distance of D 2 /4X from the radiatii* sur- 
face (D being the dimwter of the source and X the wavelength) the 
beam will be approximately parallel. The region in which the txma 
is parallel is known as the Fresnei region or near field,, and the 
region beyond that where the bean becomes divergent is known as the 
Fraunhofer region or far field. 28 

W Scatterin g. When the bowdary has dimensions which are 
comparable with or less than one wavelength, scattering takes place, 

mmsmmmmmmmmmmmmmmmmmmmmm 


R. Generation of Ultrasound 

There are four principal ways of producing ultrasonic waves: 
mechanical generators, thermal generators, nmgnetostrlctive generators, 
and piezoelectric generators. 

(1) Mechanical generators 

a) Timing forks. These have boen used to produce ultmorod 
of frequency ip to 90 KHz, but they are unsuitable because the waves 
a<e easily cUmptd and energy output is low. 

b) Gal ton whistle, Sound is produced by letting a current of 
air escape through a narrow slit and fall tpon the sharp edge of an 
object facing the slit. Frequencies up to 100 m have been obtained. 

c) Kartmron generator. A jet of ooapressed air escaping firm 
a hole ispinges on a coaxial ring-shaped edge which may be the mouth 

of a small bottle resonator. Though high-energy outputs may be obtained 
from these sources, both the solitude and the fluency are difficult 
to control. 

d) HoltMim's gsnsrator. Sou>d warns an produced by getting 
a glass or wtal rod to vibrato longthwiaa. Holtaann product a fra- 
quency as high as 33 KHz. 

(2) HwiwI gwrstors. Alto* tenanted sowd waves up to a 
frequency of 300 KHz by wans of a spark gap fed by a da^ad oscili lt0r 
circuit. This gwanus a Mixture of frsqumciss frm which tha da.ind 
frequency may be selected using a diffraction grating, 

( 3 ) HMnetoatrlctiva gwrstors . Tha principla on ahich thata 
generators are based is the magnetos trictive or Joule effect, which 
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»• *« mi u« oin*tio* of if* 

fltW. If m tit* mating na#wtic flald it fot>ll*d along th* dlvoctlon 
^ ^ Ml# • ^4 o# frrmnagna t u natorlal , th* rod OKillitM ft 
* r> *'*«L7 tf th* ^rh«d flald iteuia output It obtainad 
hr <priMr« at th* ftp tni t.i monafit fraqmno (f f ) of th* rod 

hr 

f r • (I/ll) (l/a) l/, t 

•Aara F It th* tdifoattc *«**•# mdulm for th* aa tonal of th* rod, 

# It* dmaity, md l It* length 

W) *‘~T~Tltnnr HBff||y)i lha Curl* broth* r% dl scow rod 
^ * # cortala cvyttalt having aaaa of iwnaym* try o*r» tfojoctod to 
aathaalcal strata, than olortrlcal chorgoa fovtlopad on th* turfocot. 
mi# *• •• ^ pi*»o*l*ctnc *f fact lha Curio brothon alto 

*—rymd th* cmmrto piaaooloctric affoct, i.o. , uhan m oloctflc 
flold It appliod ta th* d tract loo of ao aalt of nonsymatry, t ha crystal 
la oachaoi colly ttnloa d , th* aaiat of •train baing proportional to 
tha intant tty of th* *pr>) lad fuld. It It this coowrt* pt*to* l*ctrtc 
oflact •ditch It ua*d la pt*iooloctric ,*n*raton, A i lowly ralatod 
of^ct It tho aloctraatrlctlvo affoct, th* tl0iiflcmt diffaranc# hat* 
that for tho aloct restrict!** affoct tha oagnitud* of th* «chaiic«l 
•trmia produrod It proportional to th* squar* of th* ^pltrd fitld 
•truapth. lha platoalactric affoct la ohaorvod la quarts, fochall* 

••It, toumaliaa, and slmlar cvyttalt. Ih* tlsctirntricti w affoct 
It pvoMaaicod la fairoaloctric mt trials tiah at bartm flttMta ad 
load tirconata. lha favrooloctrlc oatorlala haw an advantag* owr 
platoalactvic cvyttalt la that thoy art polycryttallna avid It it 


potalhlt to cut than into alooat any Jaaiv* 1 shapa . to thoy car ho 
mod to obtain focmad ultraaonic b#mt A polar nod forroaioctrlc 
traafoar att III* a pioiooloctrtc frmtdotr for tha aaporlmnts 
datcnbad Strain, I -cut quarts cryatalt aara ia*d to profo* ultra* 
tonic «aw« of 0.1, 1.0, 1.0, md !•* tfti fraqmncy, and a ha rim 
tltmat* cvyttal oat mod to profor 0.1 ftOU fraquanry 

for 01 1 cut quant cvyttal tha natural froqumrv t« giwn by 

# r • M/9L. 

•diara c It th* wlority of tornd in tha cvyttal, l It tha thulnaas 
ot in* flat#, md n It ordvr of tha harmnic, 

Slnco c • 4SO0 m/9 c, tha flnt or for or fisidmmtal fraqmncy 
la glum by 

f • 2*0/1 hc/nia 

lha a ^a nnmfl vaiur it 2000/L ki/o.n lha d'xvupancy nay b* dm 
to tha pra t met of irmavort* waaat at wall aa longitudinal If a 
plasoalactnc crystal it plarod Ui m alternating a&octrlc flald to 
that a polar at is is in tha dl faction of th* flald, than tha crystal 
•111 altomotaly aipand md onpratt , producing longitudinal oacills- 
tlona in tha turromding nadim 

Iharr *ra tu* nain typos of ertndts u**rf to driv* niotoolocfric 
crystals 

a) folfnt in taming typt (Floret) 

b) foaonmt dnv* typ* (Hartloy). 

In tha first typ* tha oscillator controls tha frsquoncy of th* 
circuit, md in th* tocond th* circuit It praciaoly tioiod to th* fvaida 
— i tal or a Harmnic of tha quarts cvyttal. lha Haitoly circuit It po- 
forfola to tha Flare* circuit for radiating ulfratoioid into liquids. 
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C. foMg nt of Ultrasonic ft»ny 

Various nathafo art avail* la for tha mosurmsnt of ultraaomid: 
(1) CalorinttflC tfhqd . Iho topparaturo incraaaa In an foaorbor 
of lam naat md apoclflc haat placod In tha ultrasonic bam la takan 
m n nr i af tha mam tie m a ny diaslpatod in tha foaoiWr. 

diaalnilar mtoriala a radiation praaaura la doualopad md tha forca 
gotrtod m tha intorfoco U a diroct naaaura of tho ultrasonic intmaity 


In that ragion. 

( j) Ihamaalnctrlc nrobt . Ihit todviiqus davalapod by Fry md 
p«y fooorfo fot fo^oraturo Incraaaa using • thomouofola proba otchod 


uam 0.MI 
) met ion m 


I 0.6001 


inchaa In dl motor in tha mlfohor- 
:n a mall qumt&ty of acoustic 


(4) mmlwirit rwlra ra. Th ' — |wnM la • im- 
Imt pi— i la ■ ult r a. Bale flail la p rope r ! ta w) to tha Intanalty 
af tha irtirieratr — — — ha Mi ta Moorra tha l.ttar. 

(I) oatlcal rathe* . Ihaaa —ho* ata haaal on tha llffractlen 
ar raf faction af a h— af U*t hr ultra. c n lc aaaaa. lha llffractlen 
aiifitf af I— tha ralatln* ll*tt Intanalty la — varlou. orhn af 
a Hf fraction pattara iI iwm tha rafractlon nathol 1. haaal on ohaanr- 
lap tha parlallc variation in tha ftalimt af tha rafnctlva la—. 

(4) BJi m VarloM cypaa of yha— hie — at— ft— 
ara Maoltlna ta ultraaonic raHatlan — Kara baon um 4 far aaawrlap 
rani intanalty. 


A11 tho Mora nathod. rare fowl to ho Moultwla for noamra- 
rant of tho ultruoaic intanalty for tho oqwrtaratal rat m uoad. 

(1) The n.«mr— it af tho rat# of I n cr aaaa af ta^ontura 111 not 
glra rapra— Ihla rrault. oran tho— tha aonltorad alactrlcal raorpy 
vao caMtont. (1) huUatlen balraca aotho* wara mmiI table bacarao 
of tho hydic*iMUc ftou of the nodlM, Midi wao ovllrat oran at fairly 
lov Ultra. It loo . (S) Tho thoraooloctrlc prabo era bo uoe4 only with 

profrM.lv* wra. rad not In tho p ra ora c o of .tradlnf mm. (4) Plato- 
alactrtc racalran ara raty ranoltlra to ertratat — , aapaclally la tha 
fraanal flail. A hydrophone produced by Qultra la— trio*. lac. QMol! 
OUralta VP400C) waa trial, but ltk raaultrala far ovra — 1 1 tat Ira 

■ (I) Tha optical aothod. aro not —la for a oraura - 

arau of latanoltlaa, but ara aalaly urad for pattlap plcturao of raw 
fora. . (|) lha ftla aothod 1. not very rallablo — mo net trial. 

ThM tho MMiir— nt of tho lataMlty of Utraoonlc raerpy —orb- 
ed In the nodlM could not bo a— tatUfactorlly; but It la poaolhlo 
to aaMMO — power — oibad by — trmoducor fron — electrical 
raor g y Input. 

Tho output of acoMtlc lataMlty frea o raooarat ploaooloctrlc 
trraoducar backed by air — radio tin, into a nodlM of acoMtlc 1—4- 
raco ec It 

I • dvV/t 2 *, 

ubaro V • im voltaga fopliad, L • tMebnaat, t • qjproprlsts piaso* 
alactric itraa* oomtmt 6 of quarts • 0.1T). 21 * 21,13 Slnco L U 
invars el y proportional to tha raaonmt fr aq u m cy , th* intmaity for s 
glvm asedting voltfo it proportional U tha aquara of tha froqamqr. 



If the oe Ulster f It adjusted lo bt it raeenama with 
te hr f art* l f r ay— n of tut quart i crystal. the omlltuda of ilia 
emulations trill ba a miim and the Intensity of the ultreeeiaid fan 
aratat vlU nry intoreely at the acoustic i^aiama of the nedita to 
Aid the crystal It caflit, at the square of the ^aliad voltage and 
at tta square a# tla frequency , 

Sum all tha quantities la the equation are Imm s ana caa gat 
a value for the intensity. Mat, line a tka aj^naura editions ara 
mmtmt for tka vertem fregnm laa (ok aft 9.1 HU), oaa c» easily 
aktala tka Intensities at different ri^uwlti. 

tka intern I ty velum plotted la tka grains vara abtninwd fits tka 
aqmtion 

1 • V^/Uc 

for i.l *ti. only qualitative data ara given became tka (hytical con- 
ditions ora different and alto became tka frequency decreased a Ilk 
flat at tka tagparatura of tka cvyttal In n- eased <hmng apart Man, 

T. o nature of tka iMeneity distribution over tka turfaca of tka 
pat rl dltk can ba obtained free tka knowledge tkat within an appeal 
note dittatre of D^/tl frm tka radlatlitg turfaca of a i Iona cir-uier 
disc, tht b mb -ill ba apcnoaiaotaiy parallol (D balng tka dimetfi of 
tka disc and i tka wavelength) .** 

Tka cryttalt uaad in tka experiments (except for 0.1 f#tr r have t 
iimatar of 3S m time tka vavalorytk it S ■ for 0.1 l,!r for 

I. 0 Utr , 0. 7 at for 2.0 Jtta, aid ^ 0.3 m for S.S Mt,*° tka >eme will 
ba parallal for dUtau.ee frem - 100 m for 0.S »4<x to 1000 m for 

J. S Hit. 


D. Product l an of Miofvoftignclm 

To product eudlefreeuemy vlbretlene, aloctrtrnl signal# of 
Saalrod fregumscy predu r ed by m audiofrequency ooclllator ara oonaor* 
tad Into nack ileal notion vming a « raneducer or vtbretlm oat I tar, 
idiick csnaltta of a mve*!# call suspended in • strong dr M#atlc 
fiaU, Om ai alternating currant la paatad tliw# • 
loratad In a Magnetic flald. a force af alternating dlroctlan it pro 
dead. Tklt cauaaa Mechanical notion of tka coll. If a tint weve 
• ipml la mplied to tka anil, sinusoidal notion results. iy rtWitl* 
ling tka fvnguHicy and mqilttude of tka tignal Malted tn tka Moving 
coll, tka fore# mi na^ittuda of vibration can ba Mitral lad. Parte 
nr vn tad on tko oncitar table, -kick It rigidly attached to tka mil, 
can Unvafova bo fore ad to experience control i ad vibration 

I. tonaatrr for .uilofro qy piclae 

Tko Int anally of oudlof requency soimd wee maeured utlng an 
mceleronoter (Golmhle heeearvk laboratories *>del 030 l). An accel- 
erometer It t tne\e<h*er which dtvalopat ji alactrlcal signal propor 
t tonal to acceleration whan placaJ <jn a vibrating abject. Thver art 
cal ibratad to giro tko acceleration in 'g' nUU there 

g • 0 OSWf* . 2A, 

(f bring tka frequency and A tka dltplarnmnt tpa>litudaf V fn» which 
or- can calculatt tha intanalty in b/ot^, km»ing tkat 

| • 2« a fV pe 
(tat |»aga II). 



ill. hJtmria^AL irmnrTfi va) materials 
A. Call Culturt 

Puck and hit aaaociata« 7S wara tka firtt to Introduca tha tack- 
niqur of gnnai^ ilngla nannaUan calls iji vitro. Tka gmcrtl prlnci- 
plat and tackniquaa have tinea bean described attentively by a mnt>er 
of autkon Tka natarialt and tachniqura, a» used in this 
1 Moratory , hava bean described in detail by Todd 95 aid by Siegel 94 , 
so only rfut it specific to this study will be described hare. 

Tka cultures ara Maintained in a water jacketed m ; inaAato*’ 
(National Appliance Oapafiy Model 3221). which is sillied with a nix- 
turn of air and (X> 2 so that tha final concentration of CX> 2 it SI. Tka 
air pastas thnx«h two filters tc raaow any no it turf wh* nay carry 
cootad nation, ts# mature of gates It higgled through water kept In 
a tray at the oot ton of tka incubator. This koapt tka incii>ator but id 
rnuJ prevent* c -perefson of nadiut f rut the dishes. Tka flow rat# of 
(D* la adjusted to Maintain tha pH between T.2 and 7.4 as indicated by 
phenol ck la present in tka nadiua. AJ1 work requiring starility 

is dona * s .an Con Go. hoed fitted with an ultraviolet laq> which is 
tumrd on for mout a Minute before tka start of work. 

Stock cultures of tka followir* ce!l Unas are mintained rou- 
tinely in tka 1 moratory by sii>culturir« at intervals of 4 to S days 

(1) MV 1 cells. These calls are derived f ran the bone narrow 
ol ml# adult Chinese (striped back) hatter ( Cricetulm grtseus) 

(Fig. 3a). 

(2) t-1 galls. A sii>l ina derived originally from a numal 
7»oan klbiey (Pig. ft). 



(C) (d) 


Figure 3. 2 to 3-day old cultures of (a) M3- l, 

(b) V79, (c) T-1 and (d) Chang’s cells 



•II* 




(5) V 79 Cell s. IWitved from a sihltnr of V91 (h»ne*«* 
tJMtsr luqg cells (Fig. Sc). 

(4) Oktm'% . Derived fna SuMn liver (Fig. VI). 

Stock culture* art grow in 100 m falcon pi attic di»he* (Cat. 
<b. t»l). For m£ culturing, a dish having 1/2 to 2/S of it* surface 
rovtrtd with ctlla *»» -cttd and trvptmized at described helot. 
AfU*r mutpMkit ion a. we duo serial dilutions are mule into 

100 m Falcon plastic durm containing *0 al fresh atd na to give 
1/10, 1/100. mtd 1/1000 of the original call cone ant ration for MV1 
m d V79 calls, and 1/S, 1/10, mid 7100 for T 1 and Dung's. 

Trypnini cation is done as follows: 

(1) Aspirate mediin out of the diah and rinse with * * o* 
0.051 trypsin solution. 

(2) Add 5 al of the trypsin solution and incihate tor about 
six minutes at 37*C with gentle agitatim after three a mutes. 

(5) Add 7 al of fresh mediim and pipette repeatedly with 
strong blowing to break u| cl imps of cells. 


TV vo^oMticn of the ^elutions «aed !• 

(1) M.U.-1S mrdiim (for MS I and ‘ "9 cells) 

500 al fag la's MIF« 

72 al NCTl* 109 

h al I'enicillin Mrrptoirycin (5000 units each/ai) 

75 al Fetal Cal f V rr 
h ml I „ lutmunr 

(2) T1 medusa (for T1 cells) 

500 al Ingle's MIM 
SO al Fatal Calf Senm 

6 al i enicillin and streptimycin (5000 units each/ali 
6 ml L glut .-mine 

(S) Chmig's Mrdiim (for (hang’s cells) 

BMl , Ba:ed Mrd. (regie's) with Hank’s Salt solution 
(IX) S0C al 

DM . aaino acids (lOOx). .. " ml 

Ml>f non essential am no acid solutmi (lOOx) 12 ml 

Call se-ian (hrat inactivated) 00 mi 

7. St Na- Bicarbonate 15 ml 

L- glutamine * 200 mM (lOOx) 0 ml 

Adjust pH to -7.2 wi J\ IN NaDI 

(4) T rypsin . Dissolve Vi mg trvpsin flynphtlired trymm 220 */n %\ 
horthington Biochemical Corp.) in 100 ml hick’s saline A (lx), filter 
through 45 uNalgert filter and add 1 ml pcncillin and streptomycin. 



B Ultrasonic ftiuipnent 

One of the major difficulties in the analysis of the results of 
the experiments in ultrasonics that are reported in the literature is 
the variety of equipment used by different investigators. More often 
thjwi not details are lacking regarding the method of exposure and the 
physical parameters of ultrasoind. 

At the beginning of this investigation we had a coamerci*lly 
available ultrasonic generator (Tcmac, Model 1700) made by the American 
Hospital Sqrply Corporation anu meant for diathermic treatment. It 
omisted of mi X-cut quartz crystal transducer connected to a Hartley 
oscillator circuit. A timer, a meter to indicate ultrasonic energy in 
M/cm 2 1 and a knob to control the intensity were incoiporated into the 
circuit. It was meant to be a l lttz frequency generator, but initial 
investigations soon showed that the intensity control knob was in fact 
a frequency control knob md tnat the intensity was controlled by 
detiAiAf. 

The electronic circuitry (Fig. 4) wss modified by A Windsor of 
Domer laboratory It i# now possible to change the intensity by vary* 
ing tha piste voltage. The plate voltage and the plate current are 
indicated an maters on the front pmwl and the frequancy is measured 
on a digital frequency aster mads by Bedoaan Inst nments , Incorporated 
(*ut aster M70R). The trmsdeer is made by H. G. Pitcher and 

CoMpmy. It is fabricated by cementing • 10 -cm 2 X-cut quartz crystal 
to ths izmsr surface of a cup- shaped natal transducer aasmrtily. The 
voltage Is fed through s couclal cabxs mid connects to ths surface of 
the crystal by means of s spring loadsd roistd alimimm plate. 



Figure 4. Modified electronic circuitry 
for the Tomac 1.0 Wz frequency 
ultrasonic generator. The 
modifications are shown in light 
shade. 
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A second ultimsonn generator (Fig. S) was designed by A. Blrwhor 
to provide 0.1, O S, 1.0, 2.0, and 3.3 Mil frvqiancitt, It consists 
of an oscillator, described heir*, connect ad tc a t ran* dicer with a 
Hrelett-Pmckard digital f reqiwicy attar to mrasuro the frequency. 

The t ransA*.er» art fabricated <u describe- ahovr axcapt that 
for 0.1 Hi! frequmay a 10 cm' benw titanate cermaic cryatal la imed. 
The oacillator oonataU *jf a> Eiaoc 4 400A pow*r tetrode connected in 
a Hartley oacillator circuit. The coll which resonates to provide the 
frequency of aacil lotion plug* into a socket. Thu permit* plugging 
in of a coil corresponding to the transducer frequency 

The coil and vacuw tid>e plate are operated at groieid potential 
ahile the filament circuit can be raised to minus 2,000 volts dc at 
2 SO aa. Plate voltage and plate current are aetered on the front panel. 

Tests show the output to be about S000 V peak to peak man tin jn 
to a aeries of quartz transducers. The mqititudr it constant to about 
It became of the st4>ility of the load and the line voltage regulator 
now ted at the hot tan of the rack. The output frequency holds to 
approximately 0.11. Air dielectric capacitors and a quartz transfer 
at resonance coabine to give a stable frequency with a simple and 
flexible circuit. 





Figure S. Ultrasonic equipment for 0.1, 0.S, 1.0, 2.0, and 
3.S Mil frequencies. 



Audi of reuuency Equipment 


It consists of the following: 

(1) Audiofrequency oacillator. Hewlett Packard low frequency 
oacillator (Modal 202C) which gam rates sine waves over the 1 to 100.000 
:yc x m per sec range. Special circuitry insures a wave form of high 
st*<lity m»d low distortion that is independent of the load connected 


to the instrument. 

(2) I# vibraamte vibration exciter (Model EA12S0) mid electronic 
po*er mplifier (toxfel 2120 Ml). Mechanical motion is produced by the 
passes of electric cm rent through a magnet n fitld. The exciter uses 
esnmir psnmntnT Mgmti Much offer many sdvartag~s It is usM>le to 
20,000 cps with a maxima 0.S" dispUcsmmit mplitude limit. The mq> U- 
ner consists basically of three st*as: a differential mplifier type 
pfMV »tage , • push-pull voltage mgilifier drive stage, and a push- 
pull parallel power output stage. It is capable of delivering 125 uA 
la Mia frequency rmr^e 35 to 10,000 cps. It drives the vibration 


exciter. 


0. 1-rav Baud— r.t id Ooafmetry 

1-ray irradiations ware performed using Morel co MG 150 Industrial 
1-vvy wit operated at ISO kV mid 12 mA mul filu.ed through 1 m Al. 
The wit was Morelco ISO kV beryl liw- window tube which has an inher 

mt filtmtlon value of 3 Hi Be. The emergent be mi mtgle is 40*. 

bgosurm were carried out with the calls attached to the petri 

iAm which contained 2 ml msdiw mid were covered. Samples wart 
exposed, oma at a time, at a distance of 26 cm fro m the focal spot. 


The dose was measured with a \lctoreen condenser r-meter, with 
its sensitive volwe at the position occupied by the cells. At the 
energy used, one r corresponds to 0.9 rad in tissue. The dose rate 
used for all the synergistic experiments was 600 rad/mn. 

E. Experimental Techniqu e 

About >3 hours before the start of mi experiment , a 3 to 4 day 
old culture dish having a desired mmher of cells (10* to 10 6 cells/ml) 
is selected, the cells trypsinized, resuspsided in fresh mediim and 
incubated. This is done to have cells in log phase as well as a cell 
suspension with low miltiplicity for the experiment. At the time of 
the experiment the same culture dish is retrypsinired, and the cells 
are suspended in fresh mediw; a cell cowt is made with a heareytem- 
eter c a Coulter cowter. Serial dilutions of '0*, 10*, 10* calls per 
ml are made from the original suspension. 

Aliquots (0.2, 0.1, or 0.05 ml) from the dilutioiu are plated 
into 35-ms Falcon plastic petri dishes (catalog number 3001). The 
nimfcer of calls plated per dish is such that at the end of the experi- 
ment me has approximately 100 colonies per dish. This requires doir* 
preliminary experiments to determine the expected fractional suivival. 
(The total volwe of mediw per dish is 2 ml as made ig> by adding the 
necessary wowt of cell suspension and fresh mediw). 

The dishes are incibatrd for 4 to 6 hours at 37*C. This permits 
the cells to attach themselves to the bottom of the petri dish, recover 
from any t iyp» ini zation dmmge, and enter the log phase. The di <e s 
are than exposed to the ultrasound. To hmre maxi mm trmsfer of 
acoustic energy from the crystal to the pair! dish, glycerine is used 


* 


* * ******* If the petri dish amd the transducer art placed 

** direct cantact, they will be it am tact only in a few placas wits# 
tfcay art Mil optically flat; in prattle* a layer *f air will separate 
tom* Vary littla sousd energy will than be trwwmittad; however, a 
Uytr of glycerin* greatly kqprovas tha dagTt* of aMpling bee*** of 
tha vary large Inert** in tha characteristic iapadme* of tha inter- 
vening layer. ** 

After treatment tha dish** ara raincUwitad at S7*C for seven days 
CMM, V79 calla) or 12 d*s CM, Dung 1 * call*). Aftar tha inctfoa* 
Hon period tha colonies ara stained for about 30 min by addin* about 
t km drop# of It uqu«*a methylene blut diractly to madiwi In tach 
dish. Than tha medli* ia decanted md tha diahaa rinsed ftntly with 
water m& invartad to dry overnight, Only tha colonial viaibla to tha 
naked aya ara stored. For aach taparinent four diahaa art uaad for 
aach dot# point, and tha data points plot tad in tha graffca ara the mm 
of at laaat thraa axperimants. 


Fractional aurvival 


a*n jrf . gStffltfff,, 4*1* : 

number of calla plated 


P.E. 


PI Mia, efficiency fP.E.) - Mtff *»>» , , 

mmbar of calla plated 

raaulta ara reported only from thoaa experiments where tha P.E. was 
more than 60%. The doaa ia tha doaa rata tinea tha tine of exposure. 

Method of ultrasonic exposure is shown in Pig. 6, The ultrasonic 
equipment was turned on for dx>ut ona hour before tha start of ensures, 
^out 5 to 6 drops of glycerine ware placed on tha transducer; a 3S-ma 
plastic petri with 2 nl of msdit* was placed on tha transducar md 
P'Ctjed lightly to squeese out tha axcaas glycerin#. Tha voltaga was 
turned up and tha frequency knob adjusted to give maximum turbulence 


in tha petri dish. Tha frequency knob was than fixed at that position 
and tha voltaga set to giva tha daairtd intensity. 

Everyth* tha dish was changed, fresh glycerin* was added onto 
the transducer, but there waa no need for ratunii*. Tha frequency, 
voltage, and currant ware conatantly monitored. Tha variation* in volt- 
age and frequency ware Mostly insignificant, but occasionally there 
would be about a 101 change in tha current, this resulted in ar unusually 
different survival in those dishes for which tha currant had changed as 
compared with tha dishes for which the currant had not varied, Except 
for these obvious variations, tha **producibility of the physical par- 
ameters, as well as the biological results in terns of fractional aur- 
vival, vara very good, CoVtf 


Patrl dish 


Transducer 

assembly 



Medium 
Ceils 
Glycerine 
Cement 
Crystal 
Electrode 
Spring 
Cosing 


XM-7I7~3M5 
Pl|un 6. Schematic rapiwsentation of the a*x»ure s*bq>. 
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IV. OBSERVATIONS AND RESULTS 


TABLE 1 


A. Reproducibility of Pit. 


8a 


t 

4 

i 1 


Ikiih of the nature of thi. .xp.ria.ntil .letup mu the fact 

SAWLE 

(x XO^erg/cm 2 ) 


FRACTIONAL SURVIVAL 


NUttER 

EXPT. 1 

EXPT. 2 

EXIT, 3 

EXPT. 4 

Nut th. doaa maaaurammta rater only to the aonitored dose rather 

1 

2 

S x 10" 1 

5.6 x 10" 1 

3.3 x 10" 1 

3 x 10* 1 

thm to th. absorbed tkaa, which am y have differed for a givm noni- 

2 

5 

2 X 10' 1 

2 X 10" 1 

2.2 x 10" 1 

1.9 x 10 1 

tomd doaa became of the pow.ibility of variri>le loss of acoustic 

3 

10 

8.2 x 10' 2 

* r x io" 1 

9 X 10" 2 

8.5 x 10" 2 

mmrgr dm to reflection batman tha crystal and tha call*, it mat 

4 

:o 

4.0 x 10‘ 2 

2.1 x 10" 2 

3.5 x 10" 2 

3.5 x 10" 2 

hit that tha data night not ba raproducibla. 

5 

30 

2 x 10* 2 

l.i x 10* 2 

1.8 x 10" 2 

2.5 x 10" 2 

To check tha rapiodbcibility of tha data, four dishes war* uaad 

6 

40 

1 X 10' 2 

8 X 10* 3 

8 x 10" 3 

9 X 10" 3 

for aach doaa point md aach ejqperiamt waa dona at least, three tines. 

7 

50 

4.S x 10* 3 

5 X 10" 3 

4 x 10" 3 

5 x 10" 3 

T*ie 1 shows tha fractional survival as a fraction of dose In four 
oqwrlamts insclving tha expos urv of MS-1 calla to 1.0 MHz frequency 

8 

60 

1.5 x 1C" 3 

? x 10" 3 

2 x 10" 3 

2.5 x 10" J 


ultras olid at 1.0 W/aS 2 . The data are plotted in Fig. 7. 

It ia seen that tha data are highly reproducible. Also, 
tha raaulta of ejqmrimsnts in tdildi several physical parmetew ware 
varied over a n*ge which Might be ancouitand in any experiment, show 
that such factvrs as tampers tune at tha time of sonication, 6* amount 
of mUm (both within tha limits studied), and whether the cells are 
attached or §wpmM do not sipiifi .antly affect tha results. 




Fractional survival 


•• M>|»«V« »*» 


im 



Dose ( * lO* ergs/cnr/) 


Dill. 717-S611 

figure 7. Reproducibility of data. 

Fractional survival, for four 
diffarant experiments, of MJ 1 . 

calls exceed to 1.0 Miz at 1.0 */ai*\ 


A sari as of e^jeriwits was «lm*» to determine how experimental 
conditions aa> inflursnce the effects of siaiication. The foilwing 
physical par waters ware tasted 

(1) To dr re mine whether ittaisan» ol calls to the pet rt dish 

had am influent » or the fractional *uwtv4l a *3-1 calls **re exposed 
imeliately after plating when the calu are rmaided and in «uapm»ion 
aid four hours later ah wit the calls have flattened out md are attached 
to the hottcai of the p tri dial The results ire «hwn in Fig. I, it 
IS c vwlufed that it "'air no significant differwce in the fractional 
survival whether the ceUa arc exposed in nspaniofi or attached to 
the petri duh. This enervation •• icmfirmrd by the results ol the 
lAperinmt with u n hrunoi* VTf calls (fig 24) in idiich it if seen 
hat the fractional survival Joes not ihmige sigm f icmitlv with tune 
ifter plating thr would effect veils in suspension to receive a 
higher absorbed doff that cells attached to the hot tan of the petri 
dish when both an c*po»fd to thr saim mentored doar. This is because 
susi'cndec* particles set as inhwx>grneot* bjects, earning scattering 
and thereby Increasing absorption of ultrasonic energy tlence cells 
in suspension should he more sensitive th«i attached calls; hut our 
expert mental data show no significant difference in sensitivity. This 
is explicable hv aasuaing uJl cells in suspension have a greater 
resistance than attached cells, possibly because calls in suspension 
arc spherical and have a smaller naehrane per «aiit vol nr than attached 
calls. 




xairir* seat 


Figure I. Survival curve of K3-1 calls exposed to 
1.0 Mix at 1.0 V/om in suspension or 
studied to the bottoe of the petri dish. 


(2) MS- 1 cells were exposed to 1.0 Miz at 1.0 h/ax 2 for five 
ind ten sec with different anoints of medius in the petri dish (0.5, 

1.0, 2.1, 2.2, 2.5, and 3.0 *1 ) tc see if that would have any effect 
on the fractional survival. There was no effect, probably because 
closures were uider conditions of stationary waves, which condition 
would not be affected by the variation in the mmxeit of eedius within 
the limits tested. 

(3) To test the possibility that ultrasoiaid may affect the nediw 
and this dmnage the cells only indirectly, 2 ml of H.U. -15 mediiai were 
exposed to 1.0 IWz frequency at 6.0 W/cm 2 for ten min and an aliquot of 
M3-1 cells added within fhm sec of exposure. There was no difference in 
the fractional survival as ccej>ared with controls (although ce .Is 
eiqxised to that dose would have a fractional survival of less rhan 10* *). 
Sonicating the medium by itself apparently does not prodbee appreciable 
Moults of stable toxic materials; mid free radicals, if formed, ere 
short-lived and low in anoint (less than 10 11 ). 

(4) M3-1 cells were plated onto the petri dishes; and after four 
hours when the cells had attached themselves fimly to the dishes, the 
nediun was sucked out and the dishes were exposed to 1.0 *iz at 6.0 W/ as 2 
for ten sec. In mother set of experiments, M3-1 cells were plated into 
petri dishes , incibated for four hours , and then placed in a refriger- 
ator at f) to -5*C for between 10 to 15 min, fzotiing the mediimi. The 
cells jot* then exposed in this frozen condition to 1.0 it 6.0 W/ai 2 
for ten sec. In neither case was there a significant difference in the 
fractional survival as ccmpared with controls, though the fractional 
survival for cells exposed to this intensity with the modi in is less 
than 10’ 3 4 (the P.E. for the frozen cells was only 4SI). It would soma 
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'«■ tbaa* «qMTiWRtt that * liquid wediua it required for ultraaouid 
to bo offoctivo. 

($) To too how tho toapoTituro of tho aedlUi at tho U»o of 
rqpatur* m oy ofloct tho fraction lurvivai , XM coll* wort expowd 
to 1.0 mt frequency and 1,0 W/ca 2 at tho following teaparatum: 

0 to S*C, 10 to 1S*C| 20 to 25*C. Tho rnulU «ro itwn in Fig. 0, 
mi it it concluded that tho t*aq»r*tura of tho nodu* at tho tino of 
Mfoauro, within the liadta studiod, doot not ufoct tho turvival. 

TWa it hocauao tho taaywrature of tho nodiiai did not exceed JT*C m 
my com. 

C. Date-Rate Wfi *Ct 

MJ-1 colla wort oi^oood at tho follwlng doto ratoa: 0 125, 0.25, 
0.5, 1.0, and 4.0 */ce 2 for varying tinaa. Tho rotult* art givon in 
Pig. 10 which thowa tho fractional turvival of MJ-1 valla, axpoaed to 
1.0 Mit frequency ultratonic wavao, at a function of doto for difforant 
data ratot. Tho doto it tho product of the dote rate and tho exposure 
tine. 

It it fond that at j dote rate of 0.125 W/oa 2 tho ultrasound is 
ineffective in causing reproductive call death. At 0.25 W/cei 2 and above 
tho hitter doeo ratoa are aero effective than the lower although the 
effect aeons to reach a plateau. 



Figure 9. Survival curve of M3-1 cells exposed to 1.0 Mit 
at 1.0 h'/tai 2 at 0-S*C, 10-15*C, and 20-25’C, 
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FI cure 10 a Dot* ret* effect In M3-1 c*lli «qpo*ed to 
1.0 mi frequmey ultrm&md* 


It is interesting to note the occurrence of this threshold dose 
rate. The shape of the survival vs. dose curve is also interesting in 
that it is quite different from the classical survival vs. dose curve* 
one obtains with ionizing radiations. Unlike the sigmoid or exponential 
curves obtained with ionizing radiations, ° ultrasonication gives sur- 
vival curve* which are nearly logarithmic but with decreasing slope with 
increasing dose. 

The dose-rate effect is observed with the other cell lines: T-l, 
V79, md (hang's (Figs. 12 and 13); and with M3-1 cells at other fre- 
quencies: 0,1, OaS, 2.0, and 3.3 Mz (Figs. *4-18). In all these cases 
the shape of the survival curve is also similar* 

D. Cell-line Sensitivity 

Four different cell lines were exposed to 1.0 Wz frequency ultra- 
sound at two different dose rates (0.5 and 1.0 W/an 2 ) to determine the 
sensitivity of different cell lines. Of the four ceil lines tested, two 
are of hinan origin (T-l is derived from ki*>ey and (hang's is derived 
from liver) and two art of Chinese haw ter origin (M3-1 is derived from 
the bone narrow and V79 is derived from the lutg) . 

T-l and Chang's cell lines have a dotfcling time of approximately 
24 hours; V79 aid M3-1 cells have a doubling time of about 9 to 12 
hour*. T-l and Chang’s have 60 to 80 dirowcsones, and V79 and M3-1 
have about 22 chromosomes. Another difference among the cell lines is 
the cell-size distribution, which is shown in Fig. li. ^ experimental 
procedure used to obtain the data in Fig, 11 is described on p. 78, 
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Channml number 

pm 7n 

Figure U, Call size distribution, in isoton®, of colls 
derived from different mmm&alian coll lino*. 

Figure 12 shows th® survival curves for the four cell lino* at 0.5 
K/c* 2 md Fig. 13 shows the survival curves st 1,0 W/cm 2 . The shape 
of the survival curves for the four coll lines is similar and the sen 
sitivities for the four cell line* are not very different. The sen* 
sitivity of a cell line to ultrasound does not seem to be related to 
origin of the cell lino, the chromosome mmber, th© doubling time, or 
the cell'll*© distribution. 



Dose (x|0 7 ergs) 

X.L7I7-38.2 

Figure 12. Survival curves for M3-1, V79, Chang's and T-l 
cells exposed to 1.0 Wz at 0.5 W/a n z . 
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M3*l cells were exposed to 0,1, 1,5, 1.0, 2.0, and 3,3 MU fre- 
quencies at two different dose rates. Experimental conditions did not 
peimit exposures to be made at the same dot. .ate for the different 
frequencies; but since the exposure conditions nre the same in every 
case except for 0.1 MHz, the dose rate (I) in W/an for the various 
frequencies can be obtained from tW following relation: 

I - kV^f 2 

where k is a constant and V and f are the voltage and freqtmncy, respec- 
tively. For 0.1 Wiz, the transducer is barium titanate crystal instead 
of quartz; the result! obtained with that frequency are presented in 
Fig. 14 simply to show the dose-rate effect and the similarity of the 
survival curves, 

Figures IS to IS show the survival curves for 0.5, 1,0, 2.0, and 
3.3 MHz frequencies. Fy comparing the results, it is seen that 0.5 MHz 
is the most effective of the frequencies tested; but it appears that 
the effectiveness further increases at still lower frequencies. 
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There ere *my report* on the biologir .1 effects of audiofre- 
quencies .®* , ®7'®* To stud)' the effect of audiofrequencies on the 
reporductive inte|rity of hhUui celU, H3-1 cell, were expose-- to 
different frequencies over the eudiofrequmey range. The freqinneies 
UMd were arbitrarily choeen to include the whole r«,e of wdiofie- 
flWMCW*. H>r » .IrtHi froqusr.-y, tho w*vi*« intensity wed wm fixed 
|»y th* ortphi frm th* equipwnt indvu kept low eno^ J0 
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Figure 14. Survival curve* for M3-1 cells exposed to 
0.1 MHz at 1.5 and 2,0 kV. 
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Figure 15. Survival curve* for M3-1 cells exposed to 
0.5 mz at 0.5 and 1.0 W/an 2 . 
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Fijur* 16. Survival curve* for M3-1 cell* exposed to 
1.0 HI: «t 0.5 end 1.0 V/aZ, 

Figure 17. Survival curves for M3- 1 cells » .. 

2.0 m at 8.0 -jnd 16.0 K/^! eXp ° Sed to 
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«^gu re II. Survival curve* for M3-1 cells exposed to 
3.3 MHz at 22.0 md 44.0 W/arf. 


60 - 

that vibrations did not dislodge the petrl dish f»o« the trana&xer* 

The maximum Intern** tv for the different frequencies we* of the order 
of 10' 2 W/« 2 , which is the thmhold for poin. Ht* ■«»" doso* 
used were also much lower than those used for the ultrasonic frequencies 
The followii* frequencies wire tiled: 20 50, 60, *0, 100, and 500 Hz; 

1, 5, 7, 0, 10, 12, 15, and 20 Wt. In every rate the exposures were 
for two minutes 

The fractional survival varied between 1.0 and 0.05 aa cohered 
with that of the control wells. It is uxniuded hat Mkliofrequwncies 
at the doses used are ineffective in cawing reproductive cell death 
in M3»l cells This is not surprising since the doaes u#*d are such 
lower than fo ultrasonic frequencies. 

c. pfM_tocU9nfteff 

The splitdoee technique has been uaed extensively ?n radios 
biology to demonstrate •'recovery 1 - phenomena in cel’s exposed to X-rays; 76 
we did similar split-dose experiments with ultrasonic radiation. A 
given dose was split into two equal p*rt*. The first half was *fcdn- 
istered four hours after plating, and the second half was given at 
approximately IS, 30 , 45 , 60 or 120 minutes after the first exposure. 
Between exposures the cells were incubated at 37*C. The results are 
presented in Fig. 19. The experiments were done with M3-1 cells 
exposed to 1.0 Mlz frequency at 0.5 W/cm 2 fur 45 sec ♦ 45 sec 
(22.5 x IQ 7 ergs/cm 2 ♦ 22.5 x 10 7 ergs/a* 2 ) and 1.0 W/cm 2 for 5 sec 
♦ 5 sec (5 x 10 7 ergs/cm 2 ♦ 5 x 10 7 ergs/pa 2 ). 




Time interval (min) 

xiLTir-seei 

Figure 19. Dote fractionation in M3-1 calls exposed to 
1.0 Hit frequency ultreaowA. 


It is seen that cells exposrd to ultmoitKl are ''sensitized'’ 
to a subsequent exposure. The maximum sensitivity, in both the experi- 
ments, was reached at about 30 aUn after the f*nt exposure; and the 
survival was about half of Uiat it would have been if the total dose 
was given in one exposure. There is some recovery from sensitization, 
but even at the end of two hours the recovery is not complete, This 
"sensitization" observed with ultrasonic energy is in contrast to the 
recovery that is observed in split-dose experiments with ionizing 
radiations. 

H. 9yneni>m 

The combined effect of ultrasound mid other physical and chemical 
factors have been studied in several systems. There are many reports 
of a ayneig istic affect between ultrasound and other enviiwmmntal 
factors in microorganisms. 36 Woeber was the first to report a syner- 
gistic effect between X-rays and ultraaotmd in the regression of Walker 
carcinoma in rata; Clarice et ai., 73 however, reported that there is no 
synergistic effect between ultrasound and X-rays in cultured lyvphoma 
cells. 

To study the amfcined effect of treetmmt with X-ray* md ultra- 
sound, MS-1 cella ware exposed to either X-raya or ultras oind first 
and then either immediately (within two minutes) or 30 min later were 
exposed to the other radiation. The ultrasonic exposures were to « 
threshold dose or to a dose that resulted in 4 out 40% survival by 
itself. The frequency was 1.0 Mfc. The X-ray doses were such as to 
cover a survival rmge from 1,0 to 0.1. 




ftw mult* are gim in Pi**. 2Q to 25. Figure 20 show* th* 
Vray survive! cum md ft* survival cum* ebtaineJ when ft* colli 
were aiyoaed to X«Tfi end within 2 to 5 nla to ultrasound, or were 
first i f wW to ultrasound m4 then to Xrsyr within 2 to 5 *dn. 
Fleurs 21 1$ similar to Fig. 20 emcept that th* tins intern! between 
tmtswti wo* 90 Min* In both case* * thrtchold ultrasonic doss w*s 


Figure* 22 mA 29 are similar to Figi. 20 md 21, respectively, 
except that in th* fonmr th* ultrasound do** vs* such that by Jtatlf 
it gave a 401 survival, In Fig*. 22 and 25, th* expected survival 
cum is obtained fra th* X-ray cum by Multiplying th* X-ray sur 
viva! at *#ch do** point by * factor of 0.4. 

It is s#«n that tb*r* is a synergistic effect between ultrasound 
md X-rays even when a threshold ultrasonic doss is used. The degree 
of synergism depends on 1) the X-ray do**, being greater at higher 
doses; 2) th* tins interval between trea taunts, being wore evident 
then treatMnts follow each other by a half hour than when treatments 
are almost siaailtaneous; 5) Aether ultmoind follows or proceeds 
X-rays (X-rays followed by ultrasound are nor* effective than ultra- 
sound followed by X-rays) • 
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Figure 20. Synergistic effect in H3-1 cells exposed tc 

150 W X-raysjmd 1,0 Mb frequency ultrisouvd 
at 0.125 W/cm z for 60 sec. The tine interval 
between treatments was 2 to 5 min. 
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gynduraalMi V7» Mil* war* ab taia aO thnugh tbs cour t say af 
I. Nii by NlNtlTrigf hamstlag aitatlc calls) tbaaa a yrwbim l sai 
Mils wan aapaasi ta a gloss 4sm af uU r sasmO at warts* stags* la 
tM Mil cyda, At tfca smm tiaa a aaatial a i yar k w a t was 4 mm wbarsla 
m reynchronma V7* call pagwlstlan was siailsrly wyaaai . tbs ultra* 
sank f r a y aa cy was 1 ,0 Mil mi th* iaaas usai wars 1 Wm 1 far W sac 
awl 1 b/ta* far IS sac far syadinasus calls, mi 1 V/ca* far 10 sac 
far stya c h r ma * calls, 

Flgurs 24 shews the mult*. It Is ssm tbat tbs fractional 
survival far tbs asynchronous gcpietlm 4m not iaw slptf flcaatly 
wllb tlaa altar plating. Out far synchro** call populations, It Is 
fswWl tbat ataat talc# as aaay calls survive a (Ivan 4m «4wn M fessi 
la M mi oarlyG-l ghaoao as coayaiatt with calls o h po a si la 5 ani Q-2 
phases ta tbs uai 4 vs. 


J * jaksma. 

lb stub tbs affact af ultraoemi m tbs growth of cultural 
w a ll as calls, M3*l calls wan sifossi to 1,0 Mb f r a swa n c y at 1,0 
W/cn* for M sac ani tba growth curves of tbs s^res si calls ncngstel 
with tbaaa of control calls, lbs rasults ara (Ivan in Pig. 2S. Iba 
only affact mm to be an extension of tbe lag pbaaa by about eight 
hours la the aapoiii calls, the 4atbliag tlaa being waffectei. 
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Figure V, 
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for 10 sec. 


?• pnf«ff tin k plr* for arming rlMran MS I 

it lit were rguirJ in •i*|wtwton. I.t., imliatr^ offot plitifg 
IW Jr«gN A thr »«orNiiioi fern plnnl on a slidr and in^Ortni at 
f t for h« Ndun to lot Do veils ittnW to Of alldr, 1W stile 
nrrr then (iuJ If formlilHhJr |l port neutral lonolla (401 foml> 
v«h>dri mi t porta saline) for 10 aim, nn»vd m distilled water, 
ar J JdyJntnl through graded aorira of nr t Kano I , the elide* were 
*h»» air •tried, iooted with gold, mi observed In o xovung auro* 
Kopr at if to 10,000 I. 


L. U ectren Spin Wesonaue Freei Ud Kel OroduLtltn 

To atiolr the ultrasonic prodntina of froo radicals, an expert 
■ant »u done in ool labor at Ion with Or. 0. I. 1 >lnr* of tanner lahora 
tory. A kfUM concent ration of a * table free radical (10 Si, 4 hydroxy 
2,1,6, 0, • tet raw thy l piperidine N oxy I) in water or In M.U.-ll ardiia 
M«« aboard <o ultraamic waves of 1.0 4ti fmiuencv at different tntan 
title (0.0 M/cn^ for 1 ,3,4,6 nin. and 0 2S H/aa k for 2,1,?, 10 aln 
in eater; 6.0 */cn‘ for 6 am, and 21 M/rjT for 2 am In H.U.-1S aodliai, 
and 6.0 tt/aa* for 6 ain In water after patting N gaa throifh the water 
for 2 am). IWo milliliters of the aolutlon were exposed in a pet n 


dieh In a manner aiaular to that ueed with 


iliai cells. The pro 


duct Ion of free radicals was tested hv confirm# the concentration of 
the atahla, free radical before and after ultrasonic exposure by elec- 
tion spin icsonance analysis. Induced free radicals are Known to 
destroy the stable free radicals. 
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figure 2f. “SirrvivaJ curves obtained by eosin Y staining 
aatitud at various tieet after exposure of M3 1 
cells to 1.0 mx at 1.0 M/tmf. 


The cell sire distribution apparatus ml technique datcribed 
93 

by Macfivanath were used to study the affect of ultraeoisid on cell- 


site distribution to investigate the possibility that narrate damage 
nay play a part in cell death through sonication. 

To obtain the cell tire distributer . 0.5 ail of the cell auspcr 
Sian was added to 4.S ml of isotonr in a vial. The tells were nixed 
by inverting the vial a few times aid were coieited in a Coultar coir Ur 
(mdrl M with a T0*w dim ter aperture). The cell concentration was 
Kapt anmrd 4 * 10 4 cells/ml Pulses fron the toteiter were fed through 
• wida ratg* linear n^rlifier (in mdrl 11X1910 P I) to a 400 chare 1 
pulse height aialyter (MW Model 34* 12). Connected to the aul/ur 
was a mseley 2P-2X-Y plotter to plot ihe distribution. 

For the experUant, M3 1 calls were exposed, mediately after 
plating into 3$m petrl dishes, to 1.0 Wit at 0.5 W/ca 2 for 10 sec. 

An aliquot of the cell sm pens iun was mixed with either l so tone or 
lsotone ♦ distilled water to give a final concsntratton of 501 isotone. 
The cel 1 -site distributions of these siapenaians were then obtained 
as described don. The whole analysis was uapleted 10 to IS ein 
after ej^osure. 

The results are shorn In Fig. ®. The site distribution pn*> 

,*i ctrt mt 0 Thp cell sites, hmver, there is a 

n .Jit fens*.* :n Jts-b'W # *stvna cells 
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Figure 50. Effect of ultrasoutd cn cell size 
« distribution in M3-1 cells exposed 

* to 1.0 MHz at ft. 5 W/cm2 f* r m sec. 
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V. MSCtJSSMN 


A. Introduction 

Tt* effects of ultrasonic irradiation have been studied l ' 
mawrcKM authors in various physical, chemical, and biological systmaa * 
and attends wide to relate them to parameters of the ultrasonic btm. 

The hiological effects of ultmowd have bean studied in micro- 
organisms, viruses, bacteriophage*,, and various unicellular »d multi- 
cellular organisms. A variety of effects ranging all the way from 
awpleto destruction of living organise* to stisadatoiy effects in 
plants have been reported. Subtle effects on th* metabolism and ultra- 
structure of ultrascnlcatod living organisms have also been described. 

Inspite of all the work done in this field the nature and the 
extent of the biological effects of ultrasonic energy fre stiil uncer- 
tain. One of the problems in interpreting the results of investigations 
in the field of ultrasa.ics has been that experiments carried out so 
far have uswd widely varying apparatus and have of ten been only qual- 
itative in nature, making it difficult to coopare observations of 
various researchers because of variations in the techniques of exposure, 
the doaimetry, the frequency and the biological systems used. 

Before attesting to explain our experimental results, some of 
the mechanisms that have been nut forward to wderstand the hiological ' 
effects of ultrasonic waves will be discussed, 



I 



a. P ossible Mjtcft.ni.jj; of Cell Death 

TV, various aachanisM by which ultrasonlcation causes death 
of colls can b# groqted into three principal categori es : 

(1) Cavintian . Khen liquids ate subjected to ultrasonic waves 
at sufficiently high intensities, the tensile strength of the liquid 
will be overcoat by thi large local variations of pressure created by 
the propagation of tie ultrasonic vibrations in the liquid and cavities 
will be famed. The tew caviation is .pplied to these cavitios or 
wcuoles famed in a liquid exposed to ultras omd. These cavities tre 
faned in the negative half of the pressure cycle of the souk! vibra- 
tion aid collqp* is the positive half of the cycle. This process is 
called vaporous or trauient cavitation.* 5 If the liquid contains dis- 
eased gas, there will be a diffusion of the gas into tlie cavity with 
the fometion of a btbblt which vlllgw in else ad eventually Mcoft 
to the surface of the liquid. This spontweoue growth of uutfale gas 
hthblae in a sound field la called g aaeaus cavitation.** 

The edadaua prao.ua* a^litut* that wilt induce cavitaticr. is 
called the cavitatioa thretluld. It depends on the amt of dissolved 
gm. the ta*erature, the viscosity, the hydrostatic pressure, ad the 
frr T — j No ayataetlc studies ha/e bam dim on How these variota 

facteia affact the cavltatla th re s ho ld , bid it la team that the 

gfiriatar- f * n*idly la the sage tea 1M Mg to Ufa* aad 

faat pwesace of dleeolved jae rodaoaa the thieehald cesaidenhly . 25 
mo mmt af ultraale cavitetia la waf l td bp a characteristic 
mMUt hlaahtg aim mi flu qpnran of MblM la the in a dta t od 
■» r . UM 

b 


Even at intensities belwv the cavitation threshold, in a liquid 
with dissolved gds there i# a steady growth of a population of micro- 
bubbles from pre-exioting nuclei >nder the action of ultrasonic energy. 
This is referred to as stfale cavitation. 100 

Various physical, chenical, aid biological effects have bean 
ascribed to cavitation, the erosion of the propeller screws of ships 
and the roductinn of the flw. rate in pipelines arc sons of the phys- 
ically destructive effects of cavitation, 30 * 85 Intanse hydraulic 
shock* resulting fron the collapse of the cavities have a strong det- 
t motive action; pressures of several tans of thousands of ataapbenw 
can be developed close to a collapsing bubble in a liquid. 30 

Ultraaouid induce, such divan# cheadcal reactions as oxidatia, 
reduction, degradation, ad synthesis of inorganic ad orgaic sib- 
stacM, polya rlzati on ad dapolyariution, intramolecular ragrovphy, 

ad free-radial fa ms t ion.* According to El'piner, no diaical 

* 

r» action, are chserwd in a ultrasonic field at intaMitiea below 
the cavltatla thradwld irmpectlve of the duration of irradiation. 
Ala, all factor* iddch Uhlblt the fans atla of ctvitotica bubbla 
alM piwwnt tb* o c c ur ra ce of chwaical proceesw. 30 

The datrwtlw effacts of ultraaouid on udcaliular orgufaa 
haw also baa worthed to covltotla, and tea of the ar* subtle 
effects of ultraaouid such a the acoustic streaiag ebserved U varlau 
»T*t*a haw baa aacribed to stale cavitation, fach eicrebwkbl. u 

it fiwaa pa aa a fa raw# a ala at tdddi it In it in the fapllad 

field. In fai. candttla, atfa nlatlvely large vibiatla o+lltotm, 

It effcctlwly cava ru m^tic aip law urn m both — ^-n , 

tiaal dmMHhg ff Tldt ad ittmd daaiul hafa.**^ 



*f tactwUI mi *ter tall » 1* mmXiy «hiw4 
•Am tb* iwtraralty •€ MMie rikntirara la Mfflcite la fwto cavlta- 
tlaa MUm la to InaKiM mMm* to M^wr to *aa rata, 

•ka tea penetrate m tka ctetterat effect. tel tka klalaglcal actioa. 
*aa, aa literate la tea vata la ma effect! ra tkaa aa lactate la tka 
teatlaa af atpatea. Aiao, tka effectlMMM af al t iaa tec act! rat aa 

ta* r 

aictaarsMlaaa derate la a feftaite tap ca tka caaoaatnitiaa af aicro- 
Ual calls; it la laaa effectira agataat bl^tjr oawaa t rated aalatlaaa, 
aad tkia kaa bran ray 1 . fa te kjr rara ra tf tkat cavltatlaa la a ^ pra aad la 
tka ki^ly caacaattead aoludaa t ica a i af tka la c i aaaa la vlacaaity. 

(2) Itomtwrs. la d la cMt a l a t te tala af teyaratoe la 
tka biological affects of ultnaatlc waaaa, tkara era ba Ityas tte 
paiau to boar 1*. alad. Tka first la tka t o p orat m o l a cra aas af tka 
aadltai as a tkela raatdtiag fraa tka caavstsica of alaeiktd aoowstlc 
m**? lata hast ratal*; tka otkor factor is tka localised Mpmtw 
iacraaea rraulti*, fraa tka adiabatic celUpee of cavitatioa betel*. . 

A liquid la aa idtraaaalc field la heated bp sksotptioa of 
aoatatic aaai* tkidi la partially tra ra sfe ia.i l lata hast sastgy. Ike 
fete* ratio* of a liquid rises akaiply la tka first fat aoartts of 
ulfrasoaic irradiatioa. Tka rateayrarat l ays ra tio. rise is attraaaly 
sIcm, or tka heating of tka aadiua ces s a s altof,tk.r-’prob*ly due to 
tka Mtafcliihaaat of aquilibriua betwaaa tka ramrat of mmrgy dslivarad 
aid the aaouat fiwa «q> to tka teiaat aadltai. Ike physiotherapsutlc 
qyllcticn of ultraemnd, such aa la 41 a tony, la baaed aa this 
taqpt ratine iacraesa produced by ultraaouai. 


Baatte this ftaaral ta sp aratu ra l a craaas, high taspsta t uias 
af tka order of Md*K are craa t a d la putaatlaf raaaaaaa a cavltatlaa 
bteiaa.** W arauir, tkara ara cartala objective to tka l ypatosl s 
af a local, paiat lac ra asa la ra^a ratio. to sev er al tkawate af 
dsgnaa. M 

Altkra# arap rwtkon Kara attributed to biological affscts 
af uttnaowd to boat, than ara slyilficmt dlffsnacas la tka nature 
af the dtepe p rate s I by ultraaowd as wpte ultfc tkat pro* a ad 
Ip boat. toph* logical ch atp s a pra te ad la bacteria by ultnoauad 
usually lasralw bratkagp af Mails aad arabnnaa; suck daaags U M 
okaarvad la tka case af boat Injury to bacterial calls.* 

Me trad teifcla* rapert tkat tka raslstaaca of Hraraac cira 
KUkus to atec vibration dsvalcpad during cotwanloa af rodi to 
ref tactile apkaraa toraas rasi states to boat did not sppaar tratll 
aftar tka ooaraniaa tras oraplata. 

Also, biological efteta of ultrasound haw beta reported at 
intanaitlea insufficient to cause an la c raas a la uqpntm ublcb 
could uplsts tka offsets. Narcaaar raid Wallace 10 * la studpinf auts- 
tlaaa iatead by ultsa a atal racatdad lacraaaaa la tka tasparatura of 
the t restate aadltai, water, mi ware of the opinion that tko rise la 
tsterotura af 25*C fraa 10*C to JS*C was not sufficient to caiae suck 
dsaaga. They did te nils out tko possibility tkat local hot spots 
had dsvalcpad; however, Nwcoaar 102 tee not think tkat beat Is a 
likely cauae, aa no co agu lat ion of protaplaas was observed. 


Wu trough, at al., 47 studied the effects of 10 KHz ultrasonic 
waves on the growth of the main top root in Vicxo fsbs seodlings, and 
they report that the observed reduction In the root growth rata cannot 
ba ascribed to racy tell rise in traperstur*. 

Item at al. 103 report that the histological qpoarance of 
oulon roots exposed to 1 Mlz at 110 W/cm 2 was different free that pro- 
duc0d by heat; but even than they do not rule out localized temperature 
inert*** aa a poaaible factor. 

(3) Direct Effects . It i* poaaibla that ult wound directly 
affects some cell ooeponent and that the biological effect, including 
cell death, may be jimt m modification of this primary deugc, 

It has been fotnd that, depending on the intensity of ultra* 
sow d, micro flows of varied strength appear in the cell, disturbing 
the spatial interaction of siiwaicroscopic structures wd leading to 
ftaicticfial changes. High doses of ultrasound produce a disordered 
destructive rfiift in the cell ultwtructure leading to sharp dis- 
turbances in the physiological state of the cell, depressed growth, 
aad oven death . ^ 

El’piner has slwwn that the mitochondria are nptured immediately 
following irradiation. Such changes ippear directly during sonication 
«t a taupe rature (of the surrounding medium) which excludes the possi- 
bility of thermal coagulation of the protein structure of the cell and 
(or ultrasonic intensities which exclude the possibility of cavitation. 

Degradation of WA occurs at intensities too leer to produce 
< cavitation or significant temperature increase. Such changes may be 
the result of direct interaction of ultrasonic energy with the polymer 
bold structure. 


Bums**’ 50 states that the mechanism for the inhibition of bio* 
synthesis in sonicated yeiat cells may be due to disruption of Sipra- 
molecular organization in the cell. According to him, the ■ idlest 
explmiatlon for his results on the effects of sonication in yeast is 
that the cell msafcrene nay become more permufcle to certain small 
molecules during sonic irradiation. 

Ravitz and Schnitzler 65 studied the effects of 85*KHz ultrasonic 
waves on the s mi tendin'* us muscle of >Una piplens . They observed ■ 
trnge of ultwtructural changes, the mitochondrial cristea and ampon* 
wits of the sarcottimlar system being the most sensitive. They postu- 
late the generation of steady intracellular stress produced by ultra- 
sonic waves to explain the results which wire obtained under condition* 

that niled out heating or cavitation as causative factors. 
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Lepsndin mid Ustinova, on the basis of a theoretical stuV 
on the mdwnism of destruction of biological cells iu an ultrasonic 
field, conclude that resommee vibrations of the cell in m ultrasonic 
field are quite probable, These resonance vibrations may lead to 
destruction of the cell mertrane. 

In conclusiai, it may be stated that al^Hovph trmisnt cavita- 
tion and treperature inert tat may play a significant part in the bio- 
logical effects of ultrasound at high intensities and low frequencies, 
maty biological effects of ultrasoavd are non the real md noncavitational. 

C. Eaplwiation of Experimmital Hesulta 

C 1 ) Cell Death. Our results on the survival of mmmlim 
cells are not Am to tmisient caviution sinoa the Ames we have used 
are *>out a foctor of 100 below t*» cavitation threshold, nor are they 


** to tespersture ae the tesperatur* of the aebimt modum did not 
txc##d 37# C, Hcwever, we c wnot exclude local high toi^nturei «t 
interface* Oiich art not directly Htasureable by physical in*tn*ents. 

** havt concluded that tht primary cau»a of call otath in calls 
to 1.0 Kite frequency is damage to tht structural or fuKtional 
integrity of tht call ambrane. This may bo brought about by shearing 
action associated with bifcblannducod eddying and related motion caused 
by stable cavitation, or tha aedbrane damage may bo the rasult of 
localized high te^>arature increase*, which may occur du* to the fact 
that maxi mm absorption of ultrasonic energy occurs at an interface 
mid tht call meabrane is just such m Interface. 

Tha following observations sipport ths hypothesis that membrane 
dMtaga is tha primary cause of call death at 1.0 Mvt *r* jimmy; 

a) Bos in Y exclusion test, According to Goldstein and Okada," 
aoain staining represents daiaga to the cell membrane, The results of 
tha experiment on eosm iptake by sonicated cells indicate that cells 
began to die as early a#; 0 to 15 sun after sonieation and that most of 
tha calls that are to be reprodu lively dead are already dead within 
two hours. It is unlikely that primary damage to some other cell sub- 
structure would become subsequently expressed as membrane damage so 
rapidly. 

b) ftuse-ccmtrast r croscopy ^hows characteristic vesicles 
arouid exposed calls within 2 min after exposure and comparison nf 
scanning electron micrographs of control cells and of cells prepared 
for microscopy within 2 min after exposure shows that whereas the out" 
ar structure of control calls is smooth, that of exposed cells is 


"bumpy", indicating that tha smrbrana had collapsed on tha internal 
call organelles- -possibly mitochondria. 

c) #ian control calls are expo sad to a hypotonic madium, thay 
swall; but sonicated calls swell oven in an isotonic maditm, indicat- 
ing that tha mwbrmna has become permeable t.i water, Also, cartain 
molecules may leak out, as has been suggested by Bums,. It is also 
possible that ultrasonuation damages the viscoelastic properties of 
the membrane, The altered microscopic surface views attest to this, 

d F**e radi'cls, if formed, are less than 10 11 at doaos as 
high as * ,s/cm Z . .Sonieation of the mediu* itself, which could 
mult j»s formation of long-lived free radicals, was also 
ineffective, 

e) The increased resistance of synchronized V79 cells in 
mitosis, as compared with the rest of the c *11 cycle, also leads us 
to believe that it is the membrane which is affected (see p. 68). 

f) The insignificant difference in the survival of cells 
exposed in suspension or attached to the bottun of the pe*n dish 
may also be explained by assuming that cell death is due to membrane 
damage (see p. 44). 

g) Lependin and Ustinova, on the basih of a theoretical study 
on the mechanism of cell death caused by ultrasonic waves, conclude 
that resonance vibrations of cells may lead to destruction of its 
membrane. 

It is concluded that the integrity of the cell menbrane is 
affected by ultrasonication, The damage may be to the moibrane struc- 
tures, such as pores, or to some components related to mwbrane 



function, such as ATI'ase formation. No complete experiments were 
done to study the mechanism of cell death at frequencies other than 
1.0 Mtz; but, on the basis of the similarity of the microscopic appear- 
Mice of cells exposed to 0.5, 1.0, and 2.0 Mfz irequency, it is assumed 
that for all these frequencies the primary cause of cell death is mem- 
brane dMMgC. 

Also, again on the basis of the microscopic appearance of cells 
exposed to 0.1 and 3.3 Wfz, it is assumed that coagulation of the 
protoplasm is the cause of cell death for these frequencies. We do 
not know what caused the coagulation of the protoplasm, but it does 
not seen to have been caused by temperature, because even for those 
frequencies the t«pcrature of the medium did not exceed 37°C. It 
nay have been caused by clianges in the ionic condition of the proto- 
plasm due to leakage of certain molecules, o; dikj to cross-linking or 
denaturation of protein as a result of localized high temperatures. 

(2) Dose-Rate Effect , The dose-rate effect is easily under- 
stood when one realizes that the term dose rate, as used in this study, 
refers to che intensity of ultrasound, which is related to the ampli- 
tude or Maximus displacement of a particle from its position of rest; 
Mid the dose is the prefect of the displacement and the length of time 
this value of the displacement lasts. 

If the «plitude of vibration is very small, it may have no 
effect- -no matter Now long it lasts. Above a threshold mplitude, the 
higher the mplitude the greater its effect; it probably would reach 
a plateau or peik and then become less effective. This has not been 
observed in our experiments, but Clarke et ml. have observed an 
anomalous dose-rate effect. 


The shape of the survival curves can be explained by assuming 
that the cell population is heterogeneous in regard to its sensitivity 
to ultrasound. This is consistent with the fact that cells in differ- 
ent stages of the cell cycle have different sensitivities. Ikwever, no 
quantitative correlation was established between the survival curve 
and the distribution of cells in various stages and their sensitivities, 

The survival curve shows a sharp initial decrease in survival 
with a much slower fall at higher doses, This is quite similar to 
the temperature increase caused by sonieation. The initial rise in 
temperature is rapid, but subsequent increase is slow. One might there- 
fore be tenpted to say that temperature is responsible for cell death; 
however, the final temperature never exceeded 37*C. It is more likely 
that the survival curve and the time rate of temperature increase are 
both expressions of the nature of acoustic energy absorption. 

Another factor influencing tho effectiveness of ultrasoiwid is 
the concentration of cells, as is well known in the case of micro- 
organisms; but even at the highest doses, the cell concentration was 
not high enough to significantly affect the viscosity and thus the 
effectiveness of ultrasound. 

We prefer to explain the stupe of the curve by asstmdng that 
there are a fixed ntmfcer of "sites” on a cell mofcrane which are vulner- 
able and that a certain lumber of theae have to be inactivated before 
the cell will die. Initially all these sites are available, and the 
chance of their being dmeged is good; but, with increasing dose, less 
are available to be rimMged so that equal increments et hitter doses 
are less effective. 
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The*o sit** may be pores on the veil membrane. In an i ltr*» 
sonic field these pom are stretched* which affects the membra* * 
permeability; and if the ■plitude is high enoitfh, the pores may be 
irreparably stretched, thus creating holes in the membrane. 

(3) Cell "Line Sensitivity . If the primary damage is to the 
membrane, then it is easy to say see >diy there should be no correlation 
betwv-n cell sensitivity mid the origin of the cell line, its doubling 
time, the nimber of its chromosome*; or even the cell sire distribution. 
Cell sensitivity is probably related to scam structural unit that has 
similar properties for the different cell lines. It cannot be ENA but 
■ay be mitochondria or microsmes or m forrm ie units* 

W) Frequency Effect * That a certain frequency is more effec- 
tive than another is probably due to a rasonaice phenomenon as dis- 
cussed by Lependin and Ustinova, It is possible that the variation 
in the effectiveness of different frequencies may be an artifact of 
dosimetry; i.e,, it may be due to variations in the energy absorbed by 
cells at different frequencies. However, that the greater effective- 
ness of 0.5 Wz frequency may be an artifact of dosimetry is ruled out 
by ouv experiments on the survival of S. ce revising exposed to the 
s«ae set of frequencies. We have found 1.0 Miz to be the most effec- 
tive of those frequencies for killing yeast cells. 

(5) Dose Fractionation , Cells dmuged by ultrasound are in 
a state of stress and are therefore probrirly more susceptible to a 
siirsequent exposure. From various experiments we have concluded that 
ultrasound affects membrane permeability; and since cells are in a 


continuous state of metabolic *ct*vu\ , the primary damage can be 
ejected to get progressively worse with time, as has been shown by 
the eosin Y exclusion test. However, we do not know idiy the maxi*** 
sensitivity occurs about a half hour after the first exposure. 

It would seem that even at the end of three hours, the cells 
do not recover from the init.al dtuge, as has been demonstrated by 
the split dose technique tc be the ^ase with cells exposed to X-rays; 
but thare is some ‘recovery' from the Sensitization* resulting from 
the initial dnaage. 

W Synergism . There are three possible explanations for the 
synergistic effect of ultrasound and X rays: 

al If the treatments are done simultaneously, the temperature 
increase produced by ultrasound leads to increased sensitivity tn 
X-rays, as has been demonstrated by Bridges et al,*°* However, the 
temperature increas* in our experiments, measured as less than 1*C, 
was not significant enough to explain the effect. 

bj If ultrasouid follows X rays, tht riiromoscmc breaks induced 
by X-rays Slight be prevented from rejoining by the mechanical vibra- 
tions caused by ultrasouid, as suggested by Conger. 105 

c) The interaction between the meabrane damage caused by ultra- 
sound and the nuclear damage caused by X-rays may be responsible for 
the syneigistic effect, in the sense that one dmaage amplifies the 
other, possibly by interfering with repair mechanist* Vibration 
causes appreciable changes in the cells, influencing their subsequent 
fate, It may be supposed * r st cells exposed to vibrations become 



more reactive, and therefore any additional influence is capable of 
radically altering their biological properties. A cell with a darmged 
cell meabrane may not be as able to wir^tand nuclear dmaage and a 
cell with its nucleus damaged may not be as capable of withstanding 

• damage to its membrme, as a normal cell. 

At present we do not understand irfiy ultrasound followed by 

* X-rays should be less effective than X-rays followed by ultrasouid and 
why the synergistic effect should be greater if the treatments are 
separated by a half hour than if they follow immediately. Probably 
the differences are due to differences in the nature of the damage 
earned by the two agents, and in the nature and timing of the repair 
process for both cases, 

(7) Cell Cycle . Cells in mitoeis probably have a different 
■marine sensitivity that cells in S phase* This is based on the 
observations of Todd et al . 106 who have found that there is a signifi- 
emt difference in the microelect rod* tip potentials on cell surfaces 
in cells in mitosis as enquired with cells in the rest of the cycle. 
Come 107 also reports that pronounced variation in call vnlinm and 
electrical potential acconpany initiation of mitosis In vitro. Thus, 

• if sonic effects are due to direct action on — dirmws , one would 
expect scan variation of these effects with the cell-division cycle. 

* It is interesting to note that when synchronous cell populations 
are exposed to X-rays at different stages in their life cycle, cells 

in S phafe are found to be nost resistant, this too would seam to 
iuticate that the nsdmnian of coll death d We to sonication ray be 
/ifferent from that of cell death foe to X irradiation, which la due 
to nuclear dM§s. Hmn t r, CUtfka et al. 7 * have rep ort ed that far 


I.S176Y mouse leukemia cells exposed co I Mlz ultrasonic irradiation, 
cells In M phase are significantly more susceptible to disintegration 
than the avenge population. 

(«) Growth Curve . Since the primary damage appeals to be to 
the membrane, wc believe that bqxntant nutrients w/f leak out duriiy 
sonication; and the extension in the lag phase may be the period needed 
to resynthesize and accumulate those nutrients, and poasibly to repair 
any sUblethal damage. No effect on the doubling tine is to be eqweted 
from mmbrmm damage, which is idiat we have observed in our experbmmt. 


mi 





VI. amxt AND CONCLUSIONS 

Thm Ability tf ailtund «anlt« Calls (Aerlrai 

ftm CHi rat* hvtir bmiMnw call list N3*l, CXImmhi Mm ter lien 
otU lim V7f, hmm ki**y cell line T-X, or Chang's hmm liver cell 
lint) exposed to m>diroMtic uitraeopic vib ratio** of different 
frequmciee (0.1, 0,5* 1.0, 2.0, 3,5 Hit) or to audlofraqusftd** h« 
been studied to try to iMdmtMd the nature of the biologic*! action 
of ultwonic m*w *t the celluUr level. Die anhlned effect of 
150-lcV X-rays mA 1.0 -Mix ultrasonic waves on M3 -I celli has also been 
studied, 

A cone re tally evailMle l,0*Mtt ultrasonic generator usiiqt a 
10 oa 2 X-cut quartz crystal as s transducer was used for newt of the 
eaperinants, after the oscillator had been redesigned to provide non* 
itoring and independent control of the frequency, the dose rate (plate 
voltage) „ mwS the tint of exposure. Later, another gmerator was 
specially designed to provide ultrasonic warn of 0.1, 0.5, 1.0, 2.0, 
Md 3.3 Mix frequmey using 10 cn 2 quartz crystals as transducers for 
0.S, 1,0, 2.0, and 3.3 Mix and an 10 a* 2 bariint titarutte crystal for 
0.1 Mix, 

The experinmtal procedire involved pitting an aliquot of a 
town mnher of cells into \Sm plastic petri dishea. After four to 
six hours of Inaction at 37*C, each dish was copied to the 3 $*m 
quartz crysui transducer (enclosed in a natal oq>) using s thin layer 
of glycerine. The oscillator was tuned to the resonant frequency of 


the crystal and the f r e q uen c y nonltered an • digital fraqumey peter, 
the samples were ej f esfd te s given frequency and dsse rate far a given 
tine, the dese rate was cent relied by adjusting the railage in the 
plate circuit, and the plate current tmi railage were regard ed# 

After inohetion at 37*C far seven days (in the ease ef MS-1 
and Yn ceils) or 12 days (for T ! and Chang**) » the dishes were 
stained with It aqueous at thy lane blue solution far 31 pin, rinsed 
with distilled water, dried overnight, and the m pba r ef visible 
colonies per dish counted. 

To s limited extent, the effects on growth rate, dye iqptsbe, 
sJse distribution, free* radical production, and aicroecepic slum* 
tions were also studied. 

The following observations were made: 

(1) The survival curves, in contrast with these for ionising 
radiations, art nearly logarithnic; but The slope ef the line decr ease s 
with increasing dose# 

(2) TV lethal effects are doee*rate dependant and have a 
threshold dose rate. For H3*l cells at 1.0 Mlz frequency, the three* 
shold dost rate occurs arorad 0,125 b/oa 2 . 

(3) Different manalian rail lints in vitie da not show 
appreciably different sensitivities. 

(4) The shape of the survival curve for different frequencies, 
as well as for different cell lines, is slnilsr. 

(5) thing a synchronous V7f cell population, we f omi that N 
and early C*1 f Hates are sere resistant Mid $ phase para sensitive to 
ultratomd. About twice it oany cells in M phase survive as da cells 
in S p ha s e. 



(6) Audiofrequencies at the dree rates used (of the order of 
10" 2 W/cp 2 , which is the threshold for pain) have no lethal effects. 

Dm dose rates Mid dose* used in the audiofraquancy eaperioanta were 
cMiderably below those shown to produce lethal affects for the ultra- 
sonic frequencies. 

(7) Do.e-frection.tlon studio* show that prior exposure sen- 
sitizes the cell, to sidMoqumt treatoent, in contrast with tdiat is 
observed with X-nys where colls show recovery. Mudnun aasitivity 
occurs woKiantoly 3* nin efter the first exposure, whte ells ore 
Mint mined at 3 T *C bet ween exposure. 

(<) Bn in Y inclusion tost indicate sonicated atlls bo*in te 
dio within IS nin after oxpoaura and that alaos*. all the calla that 
will ba counted sawn days later as reproductive deaths are alreote 
dwd within two hour* after sonication. 

(9) The lethal effects are abaarwd only in the presnac* of 
a liquid mH« duri^ sonication. No lathol affects ore observed if 
calla art sonicated la tha 'fro ten' state or in tee 'Nn 1 state, l.a,, 
without nsdlun. 

(10) lieie is m difference In the saasltlvlty te ultreeoni ca- 
tion whather ilia calls are In 'aiapflaeim’ or attached te tha dish, as 
lay as they am also betesd in liquid aodita. 

(U) Ihe twpiranirt of the nediua owr a nap. of 0 to 2S*C at 
th» tine of scnication dose sot offset tea sensitivity of cell,. 

(12) Cells thot swim sod cation iliaw a looper la* *Mm, ** 
tea doubliag tins is not affteted. 


(13) Microscopic exaainat ion shows that cells exposed te o.s, 
1,0, or 2.0 Mir appear the sn at. Microscopically, cells ex po s e d te 
0.1 Mit reanule those exposed to 3.3 MU but apeor different free 
colls exposed to 0.S, 1.0, cr 2.0 MU. Calls erased te 0.S, 1.0, and 
2.0 MU frequency at. intaiMdiata doses detach fron tha petri dish 
md round off; say of the cells show characteristic vesrtcles around 
then. At very Kite doses, suet of tha ceils disintegrate and appear 
as ceil debris. Cells exposed to 0.1 ted 3.S MU frequency renain 
attached to the dish own at hi|h doses and retain their nonal attuc 
rural fee turns, except teat tea qrtpplaan Mpean ooatfdated. 

Sc— lap electron nlcisicspy shews characteristic btayy outer 
structure for tha sanies ted calla as crepe red with tee sena te outer 
structure of ocntiol cells. 

(14) There it a snail syneisistic affect between ultrasound and 
X-rays. The de g ree of syntmian depwds an X-ray dree and teo tine 
interval bet ween t re steer, ts , ted is greater when uUnaemd felloes 
X-rays ten whte it pracsdM it. 

(II) Bar MI-1 calls, 0.1 MU is found to ba tea wot effective 
of 0.S, 1.0, 2.0, ad 3.3 MU f w q ui nc laa. 

(14) Brea-radical production if ay, Is loss ten 10 6 7 * 9 10 11 12 free 
radicals at tea doses read. 

(17) Csll-aita distribution studies show teat cells abased to 
ult ra s ouM wall as teoute they had baa iq o ui to a hypotonic nediua. 


immw MM m mc »u *> m» *** 


MxcmMomrs 


(1) Jkm totHal af facts *r a mat 4» to cavitation baeau** tto 
fartmiti a* uh 4 art m*H Imm *m toe** raquirad to intoca cavity 
tio* nmt in tiwy primarily Am to tM ya ratur e »Uoa tH* affects m 
Af tmd twi wbam tha tMfMrstur* doa* not i sca ad 37*C. We cannot 
c^Xtttly a*cluda local i»M fyt ratura inert*** at interface*. 

(2) Thai* saaa to bt toe mechanisms reaponsible for call death: 

•) for calls w qp oMd to 0.5, 1.0, mA 2.0 Hit 

tha primary cam of call feath warns to ba tknafa to fmcticnal 
bahaviour of tobmpa structure*. This is irwtf -*ted by tH* tot In Y 
twt ana call-si*# distribution studia*, m wall as by nicrcwcqpic 
obee nation*. 

b) For calls asposad to 0.1 and 3.3 Hit, call daatfc appam 
related to coagulation of protoplasm* 

(3) Ultrasonic vibrations causa lathal dan aga as wall as sib- 
lathal dansga. Thera is a threshold dost rata for lathal offsets. 

(4) Tha affactivanass of ultrasound probably dapands on both 
the frequency and tha amplitude of tha wavas indicating a possible 
resonance phenomenon. 

(5) Synergise between ultrasouid and X-rays nay be due to an 
interaction between tha nuclear damage caused by X rays and the dsstaga 
to the call membrane caused i>y ultrasound. 
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